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PREFACE

Leishmaniasis is a tropical infectious disease particularly affecting poor and neglected patients
in remote areas. Leishmaniasis is caused by the intracellular protozoan parasite Leishmania,
transmitted to humans by the sandfly. There are over twenty different Leishmania species,
causing different clinical presentations. Visceral leishmaniasis, classically known as kala-azar
which is Hindi for black fever, is the most devastating and fatal form of leishmaniasis caused by
a systemic infection of the liver, spleen and/or bone marrow. With 20,000-40,000 deaths per
year, this condition is the second largest parasitic killer in the world [1]. An estimated 0.2-0.4
million visceral leishmaniasis cases occur annually, 90% of which in India, Bangladesh, Sudan,
South Sudan, Ethiopia and Brazil [1]. A large proportion of visceral leishmaniasis patients, up to
60% in Sudan, experience parasite recurrence in the form of the skin infection post-kala-azar
dermal leishmaniasis. The most common and more widely distributed clinical manifestation
is the skin infection cutaneous leishmaniasis, with an estimated 0.7-1.2 million cases annually
and highest occurrences in the Americas, the Mediterranean basin and the Middle East [1].
The disfigurement, ulceration and often permanent scarring as a result of cutaneous or post-
kala-azar dermal leishmaniasis are frequently associated with stigmatization. The social stigma
results in isolation and increased rates of depression and anxiety, and affects the individual’s
opportunity for education, employment and marriage.

Current treatment options for leishmaniasis are far from sufficient. Since the 1940s,
pentavalent antimonials have been administered against leishmaniasis, with considerable
toxicity. Newer treatment options such as liposomal amphotericin B and the oral drug
miltefosine cause less severe side-effects, but their failure rates are unacceptably high in
certain endemic regions, especially in East Africa for treatment of visceral leishmaniasis.

Since 2000 there has been a surge in research on new treatment solutions against
tropical diseases, and in particular leishmaniasis, mainly due to the advent of public-private
partnerships [2]. In addition to the identification of new chemical entities and subsequent
drug development, it is key to optimize the antileishmanial treatment with existing drugs to
provide the best possible treatment solutions to the neglected leishmaniasis patients.

This thesis investigates antileishmanial treatment optimization by clinical pharmacological
research, with a specific focus on the treatment of particularly neglected pediatric and HIV
co-infected patient populations.

Chapter 1 provides a comprehensive overview of the clinical pharmacokinetics
of all systemically administered drugs for treatment of visceral and cutaneous leishmaniasis
currently available. Additionally, this chapter identifies remaining gaps in knowledge and
directions for research.

To investigate the pharmacokinetics of antileishmanial drugs, accurate, precise and
reliable bioanalytical methods are required to determine drug concentrations. In the visceral
leishmaniasis patient population, largely consisting of children, there is a need for non-invasive
sampling methods. In addition, the remote leishmaniasis endemic areas call for ease of storage
and transport and prolonged sample stability. The clinical pharmacokinetic studies described
in this thesis focus mainly on the antileishmanial drug miltefosine. The development and
validation of three bioanalytical methods to quantify miltefosine in different human matrices
are described in chapter 2.



Chapter 2.1 describes the bioanalytical and clinical validation of a liquid chromatography-
tandem mass spectrometry method to quantify miltefosine in dried blood spot (DBS) samples.
DBS sampling is less invasive than venous blood sampling and DBS samples are easier and
cheaper to store and transport. Hematocrit was found to be a potential factor influencing the
accuracy of DBS methods and therefore volumetric absorptive microsampling was evaluated
as an alternative to DBS sampling in chapter 2.2, having the potential to overcome this
hematocrit effect.

Leishmania parasites reside within macrophages, which means intracellular drug
concentrations within peripheral blood mononuclear cells (PBMCs) could be considered
a better approximation of the parasite’s exposure to the drug than drug plasma or whole
blood concentrations. The development and validation of a method to quantify intracellular
miltefosine in PBMCs is presented in chapter 2.3. The intracellular miltefosine kinetics has
been described by a population pharmacokinetic model in chapter 3.1. In addition, this
chapter describes the first exploration in correlating miltefosine plasma and intracellular
drug exposure to treatment outcome in cutaneous leishmaniasis employing a population
modelling approach.

In visceral leishmaniasis, several studies have described a lower miltefosine efficacy
[3-5] and lower miltefosine exposure [6,7] in pediatric compared to adult patients. An
improved allometric miltefosine dose has previously been proposed for children, in which
patients with a smaller body size receive a relatively higher mg/kg dose compared to the
2.5 mg/kg standard dose [7]. Chapter 3.2 describes the pharmacokinetics of the allometric
miltefosine dosing regimen in its first clinical evaluation in East African pediatric visceral
leishmaniasis patients, using population pharmacokinetic modelling. In chapter 3.3, the
pharmacokinetics of the allometric dosing regimen are characterized in Bangladeshi post-
kala-azar dermal leishmaniasis pediatric patients and linked to treatment outcome.

Current treatment options for visceral leishmaniasis patients co-infected with HIV
are limited and efficacy is generally low with high relapse rates. Yet the pharmacokinetics of
antileishmanial drugs has never been studied in this specific patient population. Chapter
3.4 describes the first study of the pharmacokinetics of antileishmanial drugs miltefosine and
liposomal amphotericin B, and concomitantly administered antiretroviral drugs, in Ethiopian
visceral leishmaniasis patients co-infected with HIV.

Clinical evaluation of new drug (combination) regimens against visceral leishmaniasis,
particularly in East Africa, is hampered by the frequent occurrence of relapses [8,9]. A follow-
up of at least six months after treatment is necessary to determine final cure rates. To speed
up the drug development process in antileishmanial treatment, identification of appropriate
pharmacodynamic biomarkers that could serve as surrogate endpoints of long-term efficacy
is essential. Chapter 4.1 provides an overview of pharmacodynamic markers which could be
further investigated for their use as biomarkers monitoring treatment outcome. Macrophage
activation marker neopterin has been evaluated as longitudinal marker of treatment response
for two antileishmanial regimens, which is described in chapter 4.2.

In chapter 5, conclusions of the presented research are discussed and placed in a
broader perspective to provide directions for future efforts to further rationalize and optimize
antileishmanial therapies, especially in the most vulnerable patient populations.
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Chapter 1

ABSTRACT

This review describes the pharmacokinetic properties of the systemically administered
antileishmanial drugs pentavalent antimony, paromomycin, pentamidine, miltefosine and
amphotericin B, including their absorption, distribution, metabolism and excretion and
potential drug-drug interactions. This overview provides an understanding of their clinical
pharmacokinetics, which could assist in rationalizing and optimizing treatment regimens
especially in combining multiple antileishmanial drugs in an attempt to increase efficacy and
shorten treatment duration.

Pentavalent antimony pharmacokinetics is characterized by rapid renal excretion
of unchanged drug and long terminal half-life potentially due to intracellular conversion to
trivalent antimony. Pentamidine is the only antileishmanial drug metabolized by cytochrome
P450 enzymes. Paromomycin is excreted by the kidneys unchanged and is eliminated fastest
of all antileishmanial drugs. Miltefosine pharmacokinetics is characterized by a long terminal
half-life and extensive accumulation during treatment. Amphotericin B pharmacokinetics
differs per drug formulation, with a fast renal and faecal excretion of amphotericin B deoxylate,
but a much slower clearance of liposomal amphotericin B resulting in an approximately ten-
fold higher exposure.

Amphotericin B and pentamidine pharmacokinetics have never been evaluated in
leishmaniasis patients. Studies linking exposure to effect would be required to define target
exposure levels in dose optimization, but have only been performed for miltefosine. Limited
research has been conducted on exposure at the drug’s site of action, such as skin exposure in
cutaneous leishmaniasis patients. Pharmacokinetic data on special patient populations such
as HIV co-infected patients are mostly lacking. More research in these areas will help improve
clinical outcomes by informed dosing and combination of drugs.
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INTRODUCTION

Leishmaniasis is a neglected tropical disease caused by the Leishmania parasite and can cause
diverse clinical manifestations depending on the subspecies responsible for the infection and
the host immune response. The two main types are the systemic disease visceral leishmaniasis
(VL) and the skin infection cutaneous leishmaniasis (CL). Several drugs (Table 1) are currently
used in clinical practice in treatment of both VL and CL [1,2], but clinical guidelines differ per
region. Clinical results obtained in one area of endemicity cannot be extrapolated to other
geographical areas as efficacies have been shown to vary widely between countries and
parasite subspecies (reviewed in [3,4]).

Rising levels of resistance against antimonials, mostly in India, and potentially
miltefosine is a great pitfall in the treatment of leishmaniasis patients [4,5]. Available treatment
optionsarelimited, especially in vulnerable patient populations such as paediatric leishmaniasis
patients and HIV patients co-infected with VL. Therefore, several new combinations of drugs
are currently being tested to improve the efficacy of anti-leishmanial therapies. Furthermore,
combination therapies could possibly shorten treatment duration and thereby lower the
costs of treatment.

Pharmacokinetics provides a scientific framework for choosing the appropriate
(combination of) drugs and their dosage. The clinical pharmacokinetics of antileishmanial
drugs, however, remains largely unexplored [6]. The aim of this review is to give acomprehensive
overview of the pharmacokinetic (PK) characteristics relating to the absorption, distribution,
metabolism and excretion (ADME) of antileishmanial drugs currently being used in the clinic,
as a basis to further rationalize the therapy for leishmaniasis. Albeit the pharmacokinetics
of miltefosine [7] and liposomal amphotericin B (L-AMB, with focus on treatment of fungal
infections [8]) have previously been reviewed, our aim was to discuss all systemically
administered antileishmanial drugs collectively in the context of leishmaniasis.

A summary is composed of all PK studies performed, providing the reported primary
and secondary PK parameters in overview tables. The pharmacokinetics in special patient
populations relevant in treatment of leishmaniasis will be described: paediatric patients, HIV
co-infected patients, pregnant patients and patients with renal failure. Furthermore, potential
drug-drug interactions between antileishmanial drugs, as well as between antileishmanial
and antiretroviral drugs will be discussed. In case information in humans is lacking, in vitro and
in vivo animal studies will be examined.

In this review we solely focus on systemically administered drugs, as the majority of
these drugs are administered in both CL and VL. The systemic drugs included in this review
(Table 1) are based on the WHO guidelines on Control of the Leishmaniases [2]: pentavalent
antimony, paromomycin, pentamidine, miltefosine and amphotericin B (AMB). In addition to
these ketoconazole has been mentioned in systemic treatment of New World CL species.
Given the drug’s limited clinical use and the US. Food and Drug Administration’s and
European Medicines Agency’s decisions to suspend its oral use in skin infections due to severe
hepatotoxicity [9], ketoconazole is not being discussed in this review.

With this review we aim to provide a more solid PK basis for a scientific approach
to treatment design in future clinical studies investigating (combination) treatments against
leishmaniasis. In addition, our aim was to identify knowledge gaps to guide future PK studies
in this clinical area.
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Table 1. Overview of antileishmanial drugs systemically administered in treatment of visceral and/or cutaneous
leishmaniasis.

Antileishmanial Formulations IM/IV/ Distribution - Distribution Metabolism Excretion
drug Oral Highest - Skin
accumulation
Pentavalent - Sodium IM/IV Liver, thyroid, Confirmed Intracellular Renal clearance
antimonials (s;é)Gu)quconate heart reduction to SbY
- Meglumine
Antimoniate
(MA)
Paromomycin - Paromomycin  IM Not reported Not reported ~ Not metabolized ~ Renal clearance
sulphate
Pentamidine - Pentamidine  IM/IV Kidney, liver, Not reported ~ CYP1AT, (CYP2D6,  Not excreted
dimesylate spleen, adrenal CYP3AS5 and unchanged
- Pentamidine glands CYP4A11)
isethionate
Miltefosine - Miltefosine Oral Not reported Not report- Intracellularly by Not excreted
(rat/mice: kidney, ed (inrats: phospholipase D unchanged (metabo-
liver, spleen, in- Confirmed) lized to endogenous
testines, adrenal) compounds)
Amphotericin B* - Amphotericin IV Liver, spleen Not report- Metabolism not D-AMB: urinary ex-
B deoxylate ed (in rats: well studied. cretion (21%) / faecal
(D-AMB) Confirmed) Liposomes excretion (43%)
- Liposomal engulfed by RES L-AMB: urinary ex-
amphotericin B cretion (5%) /faecal
(L-AMB) excretion (4%)

Only includes information in human subjects (unless indicated otherwise). IM: intramuscular, IV: intravenous, CYP: cytochrome P450.
“More lipid formulations exist of amphotericin B, but these are outside the scope of this review.

METHODS

PK studies were included in this review (Table 2 to Table 7) if PK parameters were reported in
addition to drug concentrations. PK studies employing less sensitive bio-assays were excluded.
Many PK studies have been conducted for AMB and for this reason we excluded studies
with <10 subjects or patients, studies with continuous infusion, and studies on neonates
<3 kg, based on their limited relevance in the context of the treatment of leishmaniasis.
Studies on experimental formulations are excluded for all drugs, such as a PK study on the
experimental generic SSG formulation “Ulamina” [10], as no records have been found of the
commercialization of this formulation.

ADME AND CLINICAL PHARMACOKINETICS

Pentavalent antimonials

Pentavalent antimonials (Sb, pentavalent Sb/ShY) have been first-line treatment against CL
and VL in the majority of endemic regions for decades, though increasing drug-resistance has
compromised it efficacy [3,4]. Pentavalent antimonials are administered intramuscularly (IM) or
intravenously (IV) in systemic treatment of both CL and VL. It is marketed in two formulations:
sodium stibogluconate (SSG, marketed as Pentostam) and meglumine antimoniate (MA,
marketed as Glucantime). The Sb content in the two antimonials is different with 85 mg Sb"/
mL in MA and 100 mg SbY/mL in SSG. Due to structural differences in these compounds,
differences in PK could be expected. Unless indicated otherwise, results refer to SSG, as this
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is the most widely studied compound. All PK studies used analytical methods that do not
distinguish between different chemical forms of antimony (Sb", SbY, etc) [11]. The abbreviation
Sb is used to refer to (total) antimony.

Despite being used in the clinic for decennia, Sb's mechanism of action is not well
understood. Two main models currently exist: the pro-drug model and the active SbY model.
According to the pro-drug model, Sb¥ compounds are pro-drugs exerting its activity against
the Leishmania parasite after reduction to Sb" in host cells [12]. Sb" finally induces apoptosis
by the activation of oxidative stress and increase of intracellular Ca?* [13,14]. In the active
SbY model, Sb¥has intrinsic anti-leishmanial activity finally leading to the inhibition of DNA
topoisomerase | [14]. Multiple studies identified an indirect effect of Sb on immune activation
(overview in [15]). Most common side-effects of treatment with pentavalent antimony are
myalgia/arthralgia, gastrointestinal problems and headache [16]. In addition, serious side
effects have been reported such as cardiomyopathy, renal failure and reversible hepatic and
pancreatic abnormalities [16,17].

ADME

After IM injection, Sb is absorbed quickly and the peak plasma concentration (C_ ) is reached
in between 0.5-2 hours (h) [11,18-20]. Absorption half-lives varied between 0.36 and 0.85 h
[18,19]. In general, bioavailability is assumed to be close to 100% for IM injection.

Highestaccumulation of Sbin human volunteers, after administration of radioactively
labelled (Sb'#) sodium antimony mercapto-succinate, was recorded in the liver > thyroid >
heart [21]. A full Sb tissue distribution study in rhesus monkeys on day 55 after receiving a
21-day MA treatment, showed highest Sb concentrations in the thyroid > nails > liver > gall
bladder > spleen [22]. In rats, distribution at 24 h after a 21-day MA treatment was highest in
the spleen > kidney > thyroid > liver [23]. No protein binding data were reported.

Sb is administered systemically in treatment of CL and several studies have
investigated skin Sb distribution. Al-Jaser et al. identified a small delay in distribution to the
skinwith atimeto C__ (t ) of 2.1 h compared to ~1.5 h for whole blood [20]. Skin biopsies
taken from both the CL lesion and unaffected skin from patients treated with ~10 mg/kg/
day SSG for 10 days, indicated no difference in Sb distribution to affected versus healthy skin
(meanzstandard error of mean, SEM: C__ 5.02+1.43 and 6.56+2.01 ug/g, respectively) [20].
Studies in Brazilian CL patients reported higher tissue concentrations with high variability
after 20 days of 10-20 mg Sb/kg/day (range 8.32-70.68 ug/g [24]) and 20 mg/kg/day (7.46+7.7
1g/g [25]). The wide spread in observed Sb tissue concentrations could possibly influence Sbh
efficacy in treatment of CL. However, no exposure-response studies were conducted relating
skin exposure to treatment outcome.

The prevalent view is that Sb" derived from Sb'-based drugs is reduced to Sb"
intracellularly and subsequently released at slow rates, which partially explains the slow
terminal elimination phase observed in total Sb. Current PK studies have focused on the
analysis of total Sb (Table 2), but Miekeley et al. [26] used ICP-MS to analyze Sb" and Sb"
separately. They reported the first evidence for in vivo conversion of MA into ion species SbY
and Sb"in humans. In vitro, two locations have been identified where this bioreduction could
take place: the acidic compartment of mammalian cells such as the phagolysosome in which
the Leishmania parasite resides, or the cytosol of the parasite itself [27].

Giventheten-fold highertoxicity of Sb" species, theevaluation of Sb"pharmacokinetics
could play an important part in evaluating adverse effects and therapeutic action. Whilst the
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Sb'" content was negligible in the original drug formulation, urine Sb" concentrations of 111
ug/L were observed 11 days after the last MA injection. Also in monkeys, the proportion of Sb"
relative to total antimony, increased from 5% on day 1 to 50% on day 9, making it a major Sb
plasma species during the slow terminal elimination phase [22].

Renal clearance is consistently documented to be the main route of Sb excretion
[11,28]. The majority of Sb was eliminated via urine within 24 h after dosing with a short
elimination half-life between 1.7 and 2.02 h [11,18,20,28,29]. Between 40%-80% of total dose
given was retrieved in urine within 24 h of dosing [19,30]. The excess of the drug is excreted in
nearly unaltered formin its formulation in complex with organic compound [26]. A significantly
more rapid elimination could be observed in whole blood (t,,, = 3.04 h) compared to lesion
tissue (t, , = 6.88 h) [20].

1/2

1/2

Clinical pharmacokinetics

The pharmacokinetics of Sb (Table 2) administered IV or IM appeared similar: a two- or three-
compartment model with bi-exponentional elimination with short half-life of approximately
2 h and a termimal elimination phase of 1-3 days was found for both IV [29] and IM data
[11,18]. Miekeley et al. [26] - using the more sensitive ICP-MS for Sb analysis - reported an even
slower terminal elimination half-life of >50 days, which could also be identified for monkeys
(35.8 days) [22], hypothesized to be the intracellular conversion of Sb¥ to Sb", and subsequent
slow release [18].

C, ., varied between 7.23-10.5 ug/mL for a 10 mg/kg daily dosing regimen [18,19,30]
and was 38.8 ug/mL in adults receiving a 20 mg/kg dose daily. This non-linearity could
possibly be explained by differences in formulation, as Chulay et al. reported a slightly higher
C,,. after MA administration (11.2 ug/mL, n=3) compared to S5G (9.4 pg/mL, n=2). However,
interpretation is difficult due to the small sample size. Another possible explanation for these
observations could be the lower clearance observed in the Colombian CL population. There
were no significant differences in PK parameters between single dose and multiple dosing
[19]. In Colombian CL patients, the pharmacokinetics appeared linear as the area under the
concentration time curve from 0-24 h (AUC__, )in children with a 50% increase in dose (20-
30 mg/kg), increased 48% from 111 to 164 mg-h/L [11]. The Sb trough concentration (C__ )
gradually increased around four-fold during a 20-30 day treatment [11,18,28].

Asmentioned previously, all PKstudies used analytical methods that do not distinguish
between different chemical forms of antimony (Sb", SbY, etc) [11]. Sb" is assumed to be the
active component in Sb treatment in the pro-drug model. As only a small proportion of total
Sb consists of Sb", total Sb might not accurately reflect the pharmacokinetics of antimonials,
especially as inter-patient differences could be expected in the intracellular reduction to Sb'.
This accentuates the relevance of studying the intracellular pharmacokinetics of Sb.

trough

Paromomycin

Paromomycin, an aminoglycoside also known as aminosidine, is a highly hydrophilic and lipid
insoluble antibiotic drug. Paromomycin is active against gram-positive and gram-negative
bacteria, including Mycobacterium tuberculosis, and against some protozoa, including the
Leishmania parasite. It is IM administered both as a monotherapy and as a shorter combination
treatment together with SSG (reviewed in [31]). Paromomycin is formulated as the salt
paromomycin sulphate, of which approximately 75% consists of the base although sulphate
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Chapter 1

salt contents vary per batch [32].

Paromomycin inhibits protozoan protein synthesis by binding to the 30S ribosomal
subunit resulting in the accumulation of abnormal 30S-50S ribosomal complexes and finally
causing cell death. In the phase Ill clinical trial in Indian VL patients, the most common side-
effects were injection site pain (55%), rise in hepatic transaminases (6%), ototoxicity (2%) and
renal dysfunction (1%) [33].

ADME

Paromomycin is generally assumed and documented to be very poorly absorbed after oral
administration [34,35]. However, like other aminoglycosides, it is rapidly absorbed from IM
injection sites and its absorption is nearly 100% [32]. The t__ is reached within one or two
hours after IM injection [33,36,37]. The absorption rate constant was found to be 2.11-2.65 h’!
fora 15 mg/kg dose, but 6.27 h' for the 12 mg/kg dosing [36,38], though variation in the latter
is large (standard deviation, SD of 441 h™).

At physiological pH, paromomycin is polar, which limits its distribution towards the
intracellular fluids and tissues. In dogs, protein binding is limited to 4% [39], similar to other
aminoglycides’ binding in human serum [40]. Protein binding of paromomycin in humans is
mostly stated to be negligible, though one study reported 33% protein-bound paromomycin
[41]. The one-compartmental population PK model with low distribution volume (V) of only
15.3 L that has been reported [38], is consistent with limited distribution and protein binding.

Paromomycin is not metabolized and is primarily excreted unchanged via glomerular
filtration in the kidneys [32,41,42]. Elimination of paromomycin is fast: within four hours over
50% of the dose could be detected in urine [36]. The elimination half-life is between two and
three hours [36,38].

Clinical pharmacokinetics
Two studies were performed on paromomycin pharmacokinetics (Table 3): one in healthy
volunteers and one in a large population of Indian VL patients. Primary and secondary PK
parameters were comparable between the two studies, indicating there were no specific
disease effects of VL on the pharmacokinetics of paromomycin [36,38].

V, was directly proportional to weight and was around 04 L/kg for both studies
[37,39]. In the two studies, C__ was comparable (22-23 ug/mL versus 18-21 ug/mL), without
differences between males and females. A similar C__ (mean+SD) was observed in healthy
Sudanese subjects (19.5+7.6 pg/mlL) [43]. Sudanese VL patients, however, had a much
lower C__ of 56+4.2 ug/mL at 15 mg/kg and 7.8£4.9 ug/mL at 20 mg/kg [37]. This could
imply differences in paromomycin pharmacokinetics in VL patients between regions, but
interpretation is hampered by the small sample size in the Sudanese VL population (n=9).

There were no significant differences in dose-adjusted AUC until infinity (AUC, )
between dosing groups (12 mg/kg: 9.29+1.52 mg-h/L per kg; 15 mg/kg: 9.29+2.2 mg-h/L
per kg), indicating linear pharmacokinetics at these dose levels. There was no evidence of
drug accumulation or induction of metabolism upon multiple dosing [33]. Coough however,
declined from 4.53+6.71 ug/mlL on day 1 to 1.31+4.16 on day 21, but with high variation [33].

Paromomycin’s site of action is intracellularly and resistance of parasites against
paromomycin was found related to decreased drug uptake in resistant compared to wild-
type strains [44]. This affirms the importance of evaluating intracellular PK of paromomycin in
future PK studies.
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Chapter 1

Pentamidine

Pentamidine is a synthetic derivative of amidine, which was used to treat refractory VL in
India in the 1980s. Since then it has been used as a second-line therapy against leishmaniasis,
but has mainly been administered for treatment of sleeping sickness and Pneumocystis
carinii infections in AIDS patients. The drug is given IM or, preferably, by IV. In the past, two
lyophilized salts of pentamidine were marketed. However, since the 1990s the production of
pentamidine dimesylate was ceased and pentamidine isethionate remained, which contains
1 g of base per 1.74 g of salt. As both formulations are salts dissolved in water, no differences
were expected in their pharmacokinetics.

The mechanism of action of pentamidine is unclear, but the mitochondrion was
found to be an important target of pentamidine action [45]. Pentamidine’s use in treatment
against leishmaniasis is mainly limited by its severe side effects: diabetes mellitus, severe
hypoglycaemia, shock, myocarditis and renal toxicity [2].

ADME

Due to the two strongly basic amidine groups, oral bioavailability of pentamidine is low [46].
Therefore, pentamidine is administered IV or IM. The t__ after IM injection is approximately 1
hour [47].

The distribution of pentamidine was studied in biopsies of 22 deceased AIDS patients
[48]. Organs with the highest accumulated pentamidine concentrations were the kidney, liver,
spleen and adrenal glands. Radiolabelled pentamidine in humans is rapidly being taken up
by the liver: 2.5 h after the commencing of IV infusion, 65% of the drug could be traced to
the liver [49]. Pentamidine seemed to be excreted in bile, but the release from the liver is
slow: 99% of the absorbed pentamidine in the liver is still present 24 h after IV infusion [49].
Pentamidine is approximately 70% protein-bound.

Pentamidine was extensively metabolized in isolated perfused rat liver [50]. In vitro
cytochrome P450 (CYP) enzymes CYP2D6 and CYP1AT were responsible for pentamidine
metabolism in human liver microsomes [51]. Involvement of CYPTAT in pentamidine
metabolism was later confirmed in human liver microsomes, with additional involvement of
CYP3A5 and CYP4A11, but involvement of CYP2D6 could not be identified [52]. No data could
be found on pentamidine metabolites in humans [52].

Multiple studies found a low urinary excretion of pentamidine, between 2.1 and 5.5%
or below 20% in the first 24 h after infusion [49,53-55]. Faecal excretion was found to be only
one third of the amount excreted in urine [56].

Clinical pharmacokinetics
Pentamidine’s distribution into tissues and slow excretion has already been described in 1970
[55]. Pentamidine pharmacokinetics is best described by two or three compartment models
(Table 4). A rapid distribution phase was observed with a sharp 32% plasma concentration
decrease within 10 minutes after end of infusion (t, , ~5 min) [51,54].

Pentamidine pharmacokinetics has most extensively been studied in the 1980s and
1990s in heterogeneous patient populations. As can be seen from Supplementary table 1,
included patients are often a mixture of male/female, child/adult, with/without renal failure,
dialysis/no dialysis, AIDS patients/non-AIDS patients, with different dosages and sampling
schemes. This possibly explains the wide variability in reported PK parameters. Regardless of
the high variability, a consistently large V, was observed, consistent with the 70% protein
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Chapter 1

binding. There is a large variability in documented elimination half-life of pentamidine, but a
consistent 11-12 day terminal half-life was found [51,54] (Table 4). Pentamidine accumulates
during treatment [47,54,57,58] and pre-dose Coough levels increased from 14 ng/mL to 78 ng/
mL during a 10-day once daily treatment [47].

It is widely assumed that the Leishmania infection inhibits hepatic drug metabolism,
which was found to be mediated by NO in hamsters [59]. This could possibly affect pentamidine
exposure in VL patients, as pentamidine is metabolized by CYP enzymes. However, to our
knowledge, the pharmacokinetics of pentamidine have never been investigated in VL patients.

Miltefosine

Miltefosine is an alkylphosphocholine drug with a polar head and hydrophobic tail and has
a critical micelle concentration of approximately 20 pg/mL (50 pM) [60]. Though originally
developed as an anti-cancer drug, it has been licensed since 2002 in India for VL treatment
and since 2004 in Germany for treatment of CL.

No definite mode of action is determined for miltefosine, but multiple hypotheses
have emerged, such as: induction of apoptosis, disturbance of lipid-dependent cell signalling
pathways, alteration of membrane composition and immunomodulatory effects [7].
Miltefosine is orally administered in standard treatment of 2.5 mg/kg daily for 28 days and this
is well tolerated with mainly gastrointestinal side-effects.

ADME

Miltefosine is slowly absorbed upon oral administration. The k  is ~9 day™', which corresponds
to an absorption half-life of ~2 h.The t _ was reported to be between 8 and 24 h [61]. In East
African VL patients, absorption appeared even slower indicating a possible disease-effect on
the absorption of miltefosine [Dorlo et al., submitted for publication]. Bioavailability in rats and
dogs was found to be 82 and 94%, respectively [7]. No data are available in humans, due to the
hemolytic activity of miltefosine after IV infusion [62,63].

Pre-clinical in vivo studies in mice and rats, indicated a wide distribution of miltefosine
and uptake in a range of different tissues. In rats, ['“C]-radioactively labelled miltefosine was
predominantly found in the kidney > intestinal mucosa > liver > spleen [64]. Another study
in rats showed similar distribution patterns after 18 days of oral miltefosine administration
(kidney > adrenal > skin > spleen > small intestines) [65]. Radiolabelled miltefosine oral
administration in mice resulted in accumulation in the kidney > liver > lung [66].

In humans, plasma protein binding was 96-98%, of which 97% bound to albumin
[62]. Miltefosine accumulated in peripheral blood mononuclear cells (PBMCs), with an
approximately two-fold higher PBMC compared to plasma concentration [67]. A 0.4 ug/mL
miltefosine cerebrospinal fluid (CSF) concentration was measured after five days of miltefosine
treatment in patients suffering from granulomatous amoebic encephalitis, suggesting a 2-4%
miltefosine passage across the blood-brain barrier, although integrity of the barrier could not
be guaranteed [68].

An in vitro evaluation of 15 different CYP enzymes revealed no oxidative metabolism
of miltefosine [7,61] and no CYP3A isoenzyme induction was observed in vivo in rats [61].
Instead, miltefosine is most probably metabolized intracellularly by phospholipase D
[64,66]. No metabolic conversion of miltefosine was observed by phospholipases A and B
[64], and metabolism by phospholipase C is still debated [64,66]. After IV infusion with
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Chapter 1

radioactive miltefosine in mice, most radioactivity in the liver was attributable to unchanged
miltefosine (63%), with the main breakdown product being choline (32%), with low levels of
phosphocholine (3%) and 1,2-diacylphosphatidylcholine (2%) [66].

The breakdown products of miltefosine are abundant endogenous compounds and
are therefore difficult to quantify, e.g. choline is involved in the biosynthesis of cell membranes.
Miltefosine is hardly excreted unchanged; excretion of miltefosine in urine accounts for only
<0.2% of the administered dose at day 23 of treatment [61]. Faecal elimination has not been
evaluated in humans, but slow faecal elimination of 10% of total miltefosine excretion has
been reported in Beagle dogs [69].

Clinical pharmacokinetics

In contrast to older antileishmanial drugs, the pharmacokinetics of miltefosine has been
studied more intensively (Table 5). The first reported population PK model of miltefosine
identified a long terminal elimination phase with a half-life of 31 days [70], in addition to
the initially reported 7 day elimination half-life [61]. Due to this long half-life, miltefosine
accumulates during treatment to finally reach steady-state concentrations approximately in
the last week of the 28-day treatment. In a more extensive population PK model, including
data on both adult and pediatric patients with CL or VL, differences between patients in V
and clearance could best be described by allometrically scaling these parameters by fat-free
mass [71]. A lower exposure was found for children compared to adults while receiving the
same 2.5 mg/kg dose (see “Pediatric patients”).

Up to now, only one study has been published on the relationship between exposure
and response in antileishmanial therapies [72]. A 1-day decrease of time the miltefosine plasma
concentration was above the 10xEC50 (mean half maximal effective concentration), compared
to the median of 30 days, was associated with a 1.08-fold increase in odds of treatment failure
in VL [72]. Miltefosine has been found to accumulate intracellularly in PBMCs, which could
influence miltefosine exposure at its site of action, though no significant correlation could be
identified with treatment outcome in a non-compartmental analysis [67].

Amphotericin B
Amphotericin B (AMB) is a polyene antifungal, is poorly soluble in water and has a high affinity
for sterol-containing membranes. The two main formulations are amphotericin B deoxylate
(D-AMB) and liposome encapsulated amphotericin B (L-AMB). D-AMB has been developed in
the 1950s and has been widely administered as an antifungal drug for the treatment of invasive
fungal infections, but its dose-limiting nephrotoxicity and hypokalaemia hampers its use in
the clinic. The lipid formulation L-AMB, incorporating AMB in a liposome bilayer, significantly
reduced its renal toxicity and infusion-related toxicity. AMB binds to ergosterol in the cell
membrane, subsequently leading to pore formation, fluid leakage and cell death. L-AMB side
effects are mild infusion reactions and transient nephrotoxicity or thrombocytopenia

Other lipid-based formulations of AMB exist such AMB lipid complex (ABLC, Abelcet)
or AMB colloidal dispersion (ABCD, Amphocil/Amphotec). In this review we will only focus on
L-AMB (AmBisome®), since this is the most widely used lipid AMB formulation in leishmaniasis.
Any findings regarding L-AMB cannot be extrapolated to other lipid formulations of AMB, as
substantial differences exist in PK parameters between these formulations [8,73].

AMB exists in different forms in the plasma: protein-bound AMB, free AMB and upon



Clinical pharmacokinetics of systemically administered antileishmanial drugs

L-AMB administration also liposome-associated AMB. Up to now, all but one of the PK studies,
only determined the total AMB concentration after destruction of the liposome with organic
solvent and subsequent release of AMB. If not clarified otherwise, the abbreviation AMB refers
to total AMB.

ADME

AMB is poorly absorbed after oral administration, due to the hydrophobicity of its polyene
structure. Daily dosages of 2-5 grams resulted in (subtherapeutic) systemic concentrations of
below 0.5 ug/mL (reviewed in [74]).

AMB is highly protein-bound (>90%) [75]. In vitro binding in human plasma,
determined by ultrafiltration, showed that 95-99.5% of AMB was bound in plasma, with
increasing percentages bound with increasing AMB concentrations [76].

Interestingly, a physiologically based PK model has recently been developed
describing the biodistribution of AMB in tissues of mouse, rat and human [77]. To describe the
data well, a saturable uptake of AMB in reticuloendothelial system organs, like the VL target
sites spleen and liver, was required. Predicted human tissue data were in good correspondence
with autopsy data from patients who received L-AMB therapy [78]. In three autopsy cases,
highest AMB concentrations (after a total dose of 820-3,428 mg) were observed in the liver
(92.8-291 ug/q) and spleen (150-291 ug/qg), with lower concentrations in the kidney, thyroid,
bone marrow and lung (<50 ug/g) [78]. Of the administered dose, 13.9-22.5% could be
recovered from the liver [78]. This was in line with a larger autopsy study with seven L-AMB
treated patients, where highest concentrations were found in the liver (102.81+68.72 ug/q)
and spleen (60.32+29.75 ug/g) [79]. CSF levels were approximately 1,000-fold lower than
concurrent serum levels [80]. Similar distribution patterns were observed after treatment with
D-AMB [81], with highest accumulation in liver (up to 188 pg/g) and spleen (up to 190 pg/q)
[81]. In total, 14-41% of the administered dose could be recovered from the liver (with a total
maximum recovery of 51%) [81].

The same distribution (spleen and liver > kidneys > lungs) was also found in mice
[82,83]. AMB concentrations were significantly lower in the liver and spleen of VL infected
mice than in non-infected mice, hypothesized to be due to a loss in phagocytic activity in
infected macrophages [84]. Disruption of normal liver function in VL might thus affect AMB
exposure in VL patients.

D-AMB skin concentrations in rats were 30-50% of plasma concentrations and show
a decrease over time parallel to these plasma concentrations [85]. Upon L-AMB administration,
buccal mucosal AMB concentrations rise to concentrations 6-47 times higher than plasma
concentrations [86].

Metabolism of amphotericin B has not been well studied and metabolites have up
to now not been identified [74]. Pre-clinical studies reported that AMB is eliminated from the
circulation by the urinary and biliary tract and by the reticuloendothelial system, the latter of
which is also responsible for the clearance of L-AMB from the circulation (reviewed in [84]).
One week after a single-dose, urinary excretion of unchanged AMB was 20.6% and 4.5% for
D-AMB and L-AMB treated subjects, respectively [87]. During the same period, faecal excretion
was 42.5% for D-AMB treated subjects, but only 4% for subjects treated with L-AMB. Possible
explanations for the decrease in excretion of unchanged AMB in the liposomal formulation
could either be a change in distribution of the AMB, prolongation of its residence time or
increased metabolism.
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Chapter 1

Clinical pharmacokinetics

The pharmacokinetics of L-AMB, best described by a two- or three-compartment model, has
been studied in a wide range of dosages (Table 6 and Table 7), but has never been evaluated
in leishmaniasis patients.

Variability (coefficient of variation, CV%) in PK parameters was much higher for L-AMB,
compared to D-AMB (AUC . CV% of 73.4 and 14.4%, respectively) [87]. High variability in AMB
exposure, could potentially be caused by differences in the uptake of liposomes into non-
blood compartments, or differences in drug release from the carrier liposomes. Interestingly,
variability in exposure decreased with higher dosages, eg. C__ CV% decreased from 91% to
27% with increased dosing from 7.5 to 15 mg/kg, respectively [88].

Linear pharmacokinetics was reported up to a 7.5 mg/kg dose. At higher dosages,
time-dependent non-linear L-AMB pharmacokinetics has been described [88,89]. Evaluating
L-AMB dosages of 7.5 to 15.0 mg/kg, the highest C__ and AUC levels were reached at 10
mag/kg, implying that (alternative) elimination mechanisms are induced or activated above
this concentration [88]. Possibly, the uptake by the reticuloendothelial system is enhanced,
which would simultaneously explain the high AMB concentration in the liver, spleen and
bone marrow [88].

Considering these non-linearities and the high variability in PK parameters between
patients, a non-compartmental analysis or individual-based compartmental analysis would
not be appropriate to capture the PK profile of L-AMB. Five multi-compartmental population
PK models have been developed for [-AMB [90-94]. The median weight in these studies
varies widely (Supplementary table 1), since multiple studies only included pediatric patients
[92,93]. Interestingly, a recent study reported a decrease in the V, over time during treatment
[94]. Furthermore, body weight has been identified as a covariate on clearance and V,in most
modelling studies [90,92-94], often allometrically scaled [92,94]

For most patients,C . levels increased ~2.6-fold following multiple administrations,
but for a portion of patients the increase was above 10-fold (exact treatment duration not
reported) [93]. Walsh et al. did not find an increase in Crough after repeated dosing [89].

Encapsulation of AMB in liposomes alters the pharmacokinetics of the drug. A
lower clearance and a lower V was reported for L-AMB compared to D-AMB [87,95]. The C__
(mean+SD) of unbound AMB was significantly lower for patients treated with 2 mg/kg [-AMB
(0.016+0.004 pug/mL) than for patients treated with 0.6 mg/kg D-AMB (0.060+0.01 ug/mL)
[76], explaining the decrease in side effects after L-AMB administration compared to D-AMB.
Unbound AMB elimination was biphasic with a longer half-life than total AMB (initial half-life
of 7.742.8 h, terminal half-life of 467+372 h [76]).

All AMB PK studies conducted were performed in often immunosuppressed patients
with fungal infections and no study has been conducted in leishmaniasis patients up to now.
As the spleen and liver physiology is severely damaged in VL, the uptake of -AMB by the
reticuloendothelial system might be altered, possibly changing the pharmacokinetics of
AMB in VL patients. Furthermore, AMB pharmacokinetics has only been evaluated in plasma.
Analyzing the intracellular AMB pharmacokinetics might give more reliable information on
the AMB exposure of the parasite at the site of action.
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Chapter 1

SPECIFIC PATIENT POPULATIONS

Pediatric patients

Evaluation of the pharmacokinetics of anti-leishmanial drugs in the paediatric patient
population is of particular importance, since 45% of the global leishmaniasis incidence
consists of children under the age of 15 years old [96]. However, in the clinical development
of antileishmanial drugs, PK studies in children have often been omitted. Children mostly
receive the same mg/kg dosing regimen as adults, while it is generally accepted that this
leads to lower exposure in children, as clearance and V are allometrically scaled by weight or
fat-free mass [97]. For Sb, paromomycin, miltefosine and AMB, additional studies have been
performed to gain more insight in the pharmacokinetics in children, to rationalize dosing in
this vulnerable patient population. However, while differences in exposure between adult and
paediatric patients were observed for Sb, miltefosine and AMB, specific paediatric dosages are
currently only clinically being evaluated for miltefosine.

Children are relatively underexposed to miltefosine in comparison to adults and
have a higher risk of relapse [71,72,98-100]. With a conventional linear 28-day 2.5 mg/kg daily
dosing, only 71.4% of children reached an AUC from day 0-28 of treatment (AUC, ) of 412
ug-day/mL, while 90% of adults reached this threshold [71]. Simulating a 28-day allometric
dose regimen, where low-weight patients would receive a higher mg/kg daily dose, 95.6%
and 97.3% of adults and children reached an AUC_, of 412 pg-day/mL [71]. This allometric
dose is currently being evaluated in pediatric VL patients aged 4-12 years old in Kenya and
Uganda (NCT02431143), and pediatric post-kala-azar dermal leishmaniasis patients below 18
years old in Bangladesh (NCT02193022).

[-AMB pharmacokinetics has been characterized in pediatric patients in two
population PK studies. Simulating different dosing regimens from 1-12.5 mg/kg daily for
patients ranging 10-70 kg in weight, Hong et al. reported that children under 20 kg would
require a higher mg/kg dose to achieve comparable steady state C__ levels [92]. However,
weight could not be identified as covariate on clearance in Japanese pediatric patients [93].
Lower serum AMB concentrations were also observed in children (17 days to 15 years old)
receiving D-AMB [101], and body weight was found to be correlated with clearance and V,
[101,102].

One study reported on Sb pharmacokinetics in children. In treating both adults and
children with 20 mg Sb/kg daily, children reach only 58% of the AUC . that adults reach [11].
Changing the dose in children to 30 mg/kg increased paediatric exposure to 86% of adult
exposure after 20 mg/kg. As expected, children have a higher weight-adjusted clearance
(0.185 L/h/kg than adults (0.106 L/h/kg), indicating that elimination does not change in direct
proportion to weight.

In a large-scale paromomycin phase Il trial in India (313 adults and 188 children
aged 5-14 years old), no significant differences were found in paromomycin pharmacokinetics
between adults and children [33,38]. The Con of children (18.348.26 ug/mL) was comparable
to the Con for subjects older than 30 years (19.1+£9.75 pg/mL) [38]. However, the same study
reported weight to be a significant covariate on V, and clearance.

For pentamidine, concentration-time profiles were only available for two children
(0.4 and 6 years old) and resembled the adult curves [57]. However, further investigation is
required with larger sample size, to characterize pentamidine pharmacokinetics in pediatric
patients.
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HIV-VL co-infected patients

In 2-9% of VL cases, patients are co-infected with HIV, but this percentage rises up to 40% in
specific patient populations (reviewed in [103]). Co-infection of HIV with VL results in rapid
disease progression, more severe disease, and a poor treatment response. Treatment options
are limited in HIV-positive VL patients, due to higher toxicity levels, generally low cure rates,
high relapse rates, and higher fatality than in immunocompetent patients [103].

As antiretroviral and antileishmanial drugs are thus often administered
concurrently, possible drug-drug interactions could take place and should be evaluated. The
pharmacokinetics of antiretroviral (ARV) drugs has been reviewed previously [104]. Protease
inhibitors are known inhibitors of CYP2D6 (ritonavir and darunavir) and CYP3A (ritonavir
and lopinavir) and their combination with pentamidine should therefore be monitored, as
pentamidine has in vitro been found to be metabolized by these CYP enzymes. As other
antileishmanial drugs are not metabolized by CYP enzymes, interactions on this level are not
expected. The pharmacokinetics of pentamidine have been studied in AIDS patients, but their
specific ARV treatment was not reported [53,54,57].

Vice versa, selective inhibition of CYP enzymes was observed in rats treated with
D-AMB, assumed to be due to an impairment of monooxygenases on the endoplasmic
reticulum [105]. This inhibitory effect on CYP activity was confirmed in humans [106]. This
could increase exposure to non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease
inhibitors and entry inhibitors as they are extensively metabolized by CYP enzymes. [-AMB did
not affect CYP activity in rats [105].

Due to the high prevalence of nephrotoxicity upon D-AMB treatment, drug-drug
interactions should be expected with mostly renally cleared nucleoside reverse transcriptase
inhibitors (NRTIs) such as lamivudine and emtricitabine. Also concomitant use with other
possibly nephrotoxic antiretrovirals, such as tenofovir, must be closely monitored for renal
function. Drug-drug interactions have not been evaluated in L-AMB and are expected
to be much less pronounced due to the decreased nephrotoxicity. Extra caution is also
required when combining the renally cleared Sb and paromomycin with ARV drugs causing
nephrotoxicity, such as tenofovir, as this could possibly affect antileishmanial drug exposure.
Furthermore, as both pentamidine and nevirapine can be hepatotoxic, combination of these
drugs should be monitored.

Miltefosine has in vitro been revealed to inhibit intestinal P-glycoprotein (P-gp)
upon short-term exposure, suggesting a potential drug-drug interaction for substrates
of intestinal P-gp [107], such as protease inhibitors darunavir, atazanavir and maraviroc. In
addition, as miltefosine has been found to widen tight junctions and promotes its own
paracellular transport, other oral (hydrophilic) compounds relying on paracellular transport
such as lamivudine and zidovudine might also be increasingly absorbed influencing oral
bioavailability [107].

The majority of ARV drugs, the NNRTIs, the protease inhibitors, the entry inhibitors
and integrase inhibitors, are highly protein-bound. For antileishmanial drugs with high protein
binding pentamidine (~70%), miltefosine (96-98%) and AMB (>90%), competition for protein
binding could potentially take place. This could particularly be a problem in VL patients, who
generally have severely lowered albumin levels [108,109].

Pentamidine pharmacokinetics has been evaluated in AIDS patients, but due to
the large heterogeneity of patients within studies and between studies, no conclusions can
be drawn on potential differences with non-HIV patients. D-AMB PK parameters in five HIV
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patients [110], were in line with studies published for non-HIV patients (C__ 0.72 ug/mL after
0.3 mg/kg dosing and 9.48 mL/h/kg clearance). The pharmacokinetics of other antileishmanial
drugs has not been evaluated in HIV patients or HIV co-infected VL patients.

In addition, ARV drug pharmacokinetics has not been evaluated in VL patients. VL
causes a disruption of liver physiology potentially affecting exposure of co-infected patients
to NNRTIs and protease inhibitors given their metabolism by liver (CYP) enzymes.

Therefore itis necessary to study the pharmacokinetics of these drugs in this difficult-
to-treat patient population. One study has recently been performed investigating L-AMB in
monotherapy and in combination therapy with miltefosine in HIV-VL co-infected patients in
Ethiopia also receiving ARV treatment (NCT02011958), but results have not been published
yet.

Pregnancy

Treatment options for pregnant women are particularly limited in leishmaniasis patients.
The use of pentavalent antimonials, pentamidine and miltefosine is contraindicated in
pregnancy (FDA category C, C and D, respectively) and thus the only treatment options
are paromomycin (no category assigned) and amphotericin B (FDA category B) (reviewed
in [111]). The physiological changes in pregnant women are known to possibly alter the
absorption, distribution, metabolism and excretion of drugs and could thus potentially affect
the exposure to drugs. Furthermore, long half-lives of antileishmanial drugs might also require
the use of contraceptives in women of reproductive age.

Sb has been correlated with adverse pregnancy outcome (such as abortions, preterm
births and stillbirths) [112-114]. Evidence for the mutagenic, carcinogenic and teratogenic
effect of Sb is still scarce, but should probably be assumed [115]. Placental transfer of Sb was
established in rats and Sb was transferred to pups via milk [116,117]. At a daily dose of 300
mg Sb/kg, fetal growth retardation and increased embryo lethality and skeleton anomalies
were observed [116,118]. An obstacle in the wide-spread use of miltefosine in the clinic is its
potential reproductive toxicity, reported as a result of pre-clinical in vivo studies in rats and
rabbits [64]. Treatment of rats with 1-2 mg/kg miltefosine in early embryonic development
and organogenesis, resulted in embryotoxic, fetotoxic and teratogenic risk, indicating
placental transfer [64]. While pentamidine in theory could hold teratogenic properties due to
its inhibition of protein an nucleic acid synthesis in vitro, rat studies found a feticidal but not
teratogenic effect in doses similar to human recommended dosages [119].

Both miltefosine and pentamidine have long terminal half-lives. Miltefosine levels
are still detectable in plasma up to six months after the end of treatment [70], and could thus
still be harmful during pregnancy for long periods after end of treatment. A translational PK
study rationalized the advised duration of contraceptive use after treatment to be 4 months
after a 28-day miltefosine treatment, with a <0.1% probability of exceeding the NOAEL (no-
observed-adverse-effect level) [120]. Pentamidine also has a relatively long terminal half-life
of ~12 days, which could have implications for the contraceptive duration required, however
this has not been studied.

Both paromomycin and AMB are not contraindicated in treatment of leishmaniasis
patients. However, no studies have been performed on the pharmacokinetics of both
antileishmanial drugs in pregnant or breastfeeding women. Animal studies (rat and rabbit)
show that paromomycin is not teratogenic [32]. There are some worries about possible
ototoxicity in the unborn child, as the aminoglycoside streptomycin has been reported to
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have possibly caused cases of ototoxicity in the unborn child when administered to women
during pregnancy [121]. No studies have been performed on the excretion of paromomycin
into breast milk, however due to its poor lipid solubility and limited distribution, substantial
excretion in breast milk is not expected. AMB has been found to cross the placenta in cord
blood:maternal serum ratios between 0.38-1.51 (reviewed in [122]). Rodent and rabit studies
showed no teratogenicity at 10 times the recommended human dose (reviewed in [122]).

Patients with renal impairment

The main route of elimination of both Sb and paromomycin is glomerular filtration, thus
clearance is expected to be drastically impacted by renal impairment. Only a single report
describes Sb pharmacokinetics in a VL patient suffering from acute renal failure (glomerular
filtration rate of 16 mL/min). After treatment with 25 mg MA/kg daily, C,, was elevated (22.9
ug/ml), C,,,, was particularly high at 9.3 pg/mL and the half-life was over seven times as high
(15 h) as for patients with normal renal function. The paromomycin half-life was increased
from 247 h for normal subjects, to 6.7 h for patients with a creatinine clearance of 30-60
ml/min and as high as 36.6 h for patients with a creatinine clearance of less than 10 ml/min
[123]. In treating patients with renal impairment, Sb and paromomycin dose reductions are
therefore advised.

For D-AMB, ~20% of the administered dose is renally excreted within one week. No
PK parameters have been defined for patients with renal impairment, but a dose of 1 mg/kg
D-AMB was well tolerated in a VL patient on hemodialysis [124]. No AMB could be identified
in peritoneal dialysate [125], as expected due to high AMB protein binding.

For pentamidine, miltefosine and L-AMB no effect of renal impairment on PK
parameters is expected, as only a small percentage is cleared by the kidneys (pentamidine/L-
AMB <5% [53,54,57,87], miltefosine <0.2% [61], ). Pentamidine PK parameters were indeed
not significantly different in patients with impaired renal function, receiving hemodialysis or
peritoneal dialysis, compared to patients with normal renal function [54,57]. No results have
been published on miltefosine pharmacokinetics in patients with renal impairment, but
haemodialysis did not affect steady-state miltefosine concentrations in two patients with
terminal renal failure (Kip and Dorlo, unpublished data). Also after L-AMB administration,
the AMB concentration-time profiles were not affected by hemodialysis nor hemofiltration
[95,126], implying that AMB does not pass through extracorporal filtration membranes. In
contrast, another study found a higher total AMB clearance in critically ill patients receiving
continuous veno-venous hemofiltration (0.14 L/h/kg) compared to patients that do not (0.061
L/h/kg), though no significant differences in C__ and AUC_,, were observed [127].

0-24h

DRUG-DRUG INTERACTIONS BETWEEN ANTILEISHMANIAL DRUGS

In specific patient populations and certain regions, the anti-leishmanial drugs currently
available are not sufficient due to lack of efficacy, increasing drug resistance, parenteral
administration or severe adverse effects. Combining several antileishmanial drugs could
possibly solve these issues and improve on therapeutic outcome in leishmaniasis treatment.
In addition, it could shorten treatment duration. In the clinical studies on combination
therapies performed until now, no clinical PK evaluations of drug-drug interactions have been
performed, whilst PK interactions could potentially affect the safety of and exposure to the
independent drugs.
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Caution is required in the combination of D-AMB with paromomycin or pentamidine
due to the possibility of cumulative risk of nephrotoxicity. In addition, the metabolism of
pentamidine could potentially be affected due to CYP inhibition by D-AMB [105]. Furthermore,
as both Sb and paromomycin are renally excreted, their combination with nephrotoxic
antileishmanials (especially D-AMB) should be monitored.

As described previously, miltefosine was found to be an intestinal P-gp inhibitor and
AMB was reported to be a substrate for P-gp [128], although this has been contested [129].
As both miltefosine and AMB are amphiphilic molecules, AMB monomers were found to be
incorporated in micellar formations of miltefosine, if miltefosine is present above its critical
micelle concentration [130]. This could alter the drug distribution of both AMB and miltefosine.
Further information on the pharmacokinetics of combined administration of miltefosine and
AMB from a clinical study currently being conducted in Ethiopia (NCT02011958) can be found
in chapter 3.4 of this thesis.

DIRECTIONS FOR FUTURE ADVANCEMENTS IN CLINICAL PHARMACOKINETIC
RESEARCH IN LEISHMANIASIS

Until now clinical PK studies have only been performed in leishmaniasis patients for Sb,
paromomycin and miltefosine. Performing these studies also for pentamidine and AMB is
crucial in rationalizing treatment design, as VL could potentially affect the pharmacokinetics
of pentamidine and AMB due to alterations in hepatic physiology and clinical conditions such
as hypoalbuminemia.

For the drugs systemically administered in treatment of CL, limited information is
available on the distribution of the drug towards the skin or skin lesions, which forms the
target site of action. In addition, only one study evaluated intracellular drug concentrations.
As the Leishmania parasite resides within macrophages, and most antileishmanial drugs exert
their action intracellularly, future research should elaborate on intracellular drug exposure.
Especially for SbY, which is converted into the active Sb" intracellularly, these concentrations
possibly more accurately reflect the effective drug concentration to which the parasite is
exposed. Information on the intracellular drug pharmacokinetics could be attributable in
establishing exposure-response relationships.

Furthermore, exposure-response studies linking the pharmacokinetics of
antileishmanial drugs to treatment outcome have up to now only been performed for
miltefosine [72][Dorlo et al,, submitted for publication]. These studies are essential in the
rationalization of the dose and schedule of antileishmanial treatment and the combination of
different antileishmanial drugs.

More research is required in optimizing dosing regimens for paediatric patients.
Though efforts have been made to specifically evaluate different dosing regimens in paediatric
leishmaniasis patients, special dosing regimens are currently only being clinically evaluated
for miltefosine, while an adjusted dosage has also been proposed for L-FAMB [92].

Population PK modelling could be a valuable tool in future PK research, especially
in drugs with large variability in exposure, such as L-AMB. Population PK modelling also
provides the opportunity to evaluate the allometric scaling of body size on clearance and
V. Furthermore, full PK analysis can be performed with relatively limited sampling. Sparse
sampling is particularly convenient in PK studies of antileishmanial drugs, as approximately
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half of the population is paediatric, requiring less intensive sampling schemes. Furthermore,
clinical trials are often conducted in remote settings making sampling and follow-up difficult
and consistent timing of sampling required for non-compartmental analysis is therefore
challenging. For these sparse and non-heterogeneously collected PK sampling schedules,
population PK modelling is especially valuable.

Regarding the PK sampling, there is room for improvement by employing newer
collection techniques such as the less-invasive dried blood spot sampling [131]. Dried blood
spot samples can be stored and shipped at room temperature, simplifying PK sampling and
reducing costs, which is particularly valuable in remote and resource-poor VL and CL areas of
endemicity.
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ABSTRACT

To facilitate future pharmacokinetic studies of combination treatments against leishmaniasis
in remote regions in which the disease is endemic, a simple cheap sampling method is
required for miltefosine quantification. The aims of this study were to validate a liquid
chromatography-tandem mass spectrometry method to quantify miltefosine in dried blood
spot (DBS) samples and to validate its use with Ethiopian patients with visceral leishmaniasis
(VL). Since hematocrit (Ht) levels are typically severely decreased in VL patients, returning to
normal during treatment, the method was evaluated over a range of clinically relevant Ht
values.

Miltefosine was extracted from DBS samples using a simple method of pretreatment
with methanol, resulting in >97% recovery. The method was validated over a calibration range
of 10 to 2,000 ng/mL, and accuracy and precision were within +11.2% and <7.0% (<19.1% at
the lower limit of quantification), respectively. The method was accurate and precise for blood
spot volumes between 10 and 30 uL and for Ht levels of 20 to 35%, although a linear effect
of Ht levels on miltefosine quantification was observed in the bioanalytical validation. DBS
samples were stable for at least 162 days at 37°C.

Clinical validation of the method using paired DBS and plasma samples from 16
VL patients showed a median observed DBS/plasma miltefosine concentration ratio of
0.99, with good correlation (Pearson’s r = 0.946). Correcting for patient-specific Ht levels did
not further improve the concordance between the sampling methods. This successfully
validated method to quantify miltefosine in DBS samples was demonstrated to be a valid
and practical alternative to venous blood sampling that can be applied in future miltefosine
pharmacokinetic studies with leishmaniasis patients, without Ht correction.
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INTRODUCTION

Miltefosine is currently the only oral drug for both cutaneous leishmaniasis (CL) and visceral
leishmaniasis (VL), and new studies to evaluate the use of miltefosine-based combination
therapies in VL patients and in HIV-coinfected VL patients are under way [1]. Recently, it
was discovered that miltefosine treatment failure was associated with lower levels of drug
exposure; the time that miltefosine plasma concentrations were >10 times the 50% effective
concentration (17.9 ug/ml) was correlated with final treatment failure or success [2]. This
finding emphasizes the need for adequate pharmacokinetic (PK) monitoring in such clinical
trials.

Both CL and VL are poverty-related diseases that mainly affect populations in
resource-poor and remote regions of Africa, Asia, and South America. Classically, human blood
plasma is collected by venous sampling for the measurement of drug concentrations, e.g.,
employing liquid chromatography-tandem mass spectrometry (LC-MS/MS). A bioanalytical
method to quantify miltefosine levels in plasma was validated and reported previously
[3]. However, technologies such as LC-MS/MS are not available in the regions in which VL
is endemic; therefore, samples need to be transported to appropriate facilities for analysis.
The required cold storage [3] and transport of these plasma samples are logistically highly
challenging, as well as expensive. In addition, plasma sampling by venipuncture is an invasive
and risky sampling method, particularly for severely weakened and anemic HIV-coinfected
VL patients. A large proportion of VL patients in East Africa are pediatric [4], which limits
both the total volume and the number of plasma PK samples that can be obtained through
venous blood sampling. Dried blood spot (DBS) sampling is an attractive alternative to plasma
sampling in such settings because it is minimally invasive and requires only a small volume
of blood [5-9], which is particularly advantageous in pediatric studies [10,11]. In addition,
storage and shipment at room temperature are possible and therefore would be simple and
low cost, which is preferred in remote areas without proper laboratory facilities.

Major hurdles in the application of DBS sample collection are the effects of hematocrit
(Ht) levels and blood spot volumes on miltefosine quantification [12—14]. Ethiopian VL patients
had decreased median Ht levels of 25% (range, 23 to 30%) at the initiation of treatment [15],
which slowly moved toward Ht levels of 33% (range, 27 to 37%) after 30 days of treatment
with sodium antimony gluconate [15]. HIV-coinfected VL patients showed similar Ht values
during active VL infections (mean hemoglobin concentration of 9 g/dl, corresponding to a
Ht value of approximately 27% [16]). Since miltefosine has a long terminal half-life (30.9 days)
[17] and accumulates during treatment, pharmacokinetic sampling is typically performed at
various time points during treatment and up to several months after the end of treatment.
Ht values show high within-subject variability within this period, which may influence the
outcomes of drug measurements with DBS sample collection.

Additionally, blood spot volumes can vary widely between patients, due to
variations in blood flow and the penetration of the lancet in the finger. The viscosity of the
blood increases with increased Ht levels [18]; therefore, the blood flow and possibly blood
spot volumes can be expected to be larger for patients with lower Ht levels.

Here we describe the development and validation of a rapid LC-MS/MS method
to quantify miltefosine levels in DBS samples in a range from 10 to 2,000 ng/mL, according
to the current Food and Drug Administration (FDA) and European Medicines Agency (EMA)
guidelines [19,20] and the European Bioanalysis Forum (EBF) recommendations [21,22] for
DBS assays. Furthermore, this study evaluates and validates the clinical applicability of this
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method by comparing paired DBS and plasma samples from 16 Ethiopian HIV-coinfected VL
patients who received miltefosine treatment.

METHODS

Chemicals and reagents

Miltefosine was purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). Deuterated
miltefosine (miltefosine-D4, Figure 1) was purchased from Alsachim (lllkirch Graffenstaden,
France). Methanoland water were obtained from Biosolve Ltd. (Valkenswaard, the Netherlands).
Ammonia (25%) was purchased from Merck (Amsterdam, the Netherlands).

m/z129.2

Figure 1. Structural formulas of miltefosine (I) and the internal standard miltefosine-D4 (ll), indicating the m/z fragments.

Materials

For the collection of DBS samples, pure cellulose-based cards (Whatman 903 protein saver
cards) were used. These cards, together with foil bags and desiccant packages for storage of
DBS samples, were purchased from GE Healthcare Europe GmbH (Diegem, Belgium). A Harris
3.0-mm micropuncher was used to punch the DBS samples. Whole blood (WB) was collected
in K-EDTA BD Vacutainers from healthy volunteers and stored at 2 to 8°C for a maximum of
2 days. WB was adjusted to a Ht level of 30% =+ 1% (Ht30 WB), to mimic the Ht levels of VL
patients, by dilution with plasma. Ht levels were determined with the Cell Dyn Hematology
analyzer (Abbott Diagnostics, Lake Forest, IL, USA).

Preparation of calibration standards and QC samples

Stock solutions of T mg/mL miltefosine were prepared from independent weighings in
methanol-water (1:1 [vol/vol]). Separate stocks were diluted to working solutions with
methanol-water (1:1 [vol/vol]) for the preparation of calibration standards and quality
control (QC) samples. A stock solution of T mg/mL deuterated miltefosine (miltefosine-D4)
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was prepared and diluted to an internal standard (IS) working solution of 4,000 ng/mL
miltefosine-D4 in methanol-water (1:1 [vol/vol]). This working solution was further diluted
with methanol to an extraction solution of 20 ng/mL miltefosine-D4 in 100% methanol. The
stock and working solutions were stored at nominally —20°C.

Calibration standards were diluted 1:20 (vol/vol) in Ht30 WB to final concentrations
of 10, 20, 100, 500, 1,000, 1,400, 1,800, and 2,000 ng/mL. QC samples were diluted 1:20 (vol/
vol) in Ht30 WB to final concentrations of nominally 10, 24, 300, and 1,600 ng/mL (lower limit
of quantification [LLOQ], low-level QC [QCL], mid-level QC [QCM], and high-level QC [QCH],
respectively). Additionally, a sample above the upper limit of quantification (>ULOQ), ie,
40,000 ng/mL, was prepared and used to determine dilution integrity.

A volume of 20 pL of spiked whole blood was spotted on Whatman 903 cards and
air dried for at least 3 h at room temperature. When samples that had been dried for 3 h were
compared to samples that had been dried overnight (15 to 20 h), no effect was found for the
additional drying time (bias within +6.1%).

Sample pretreatment

After drying, a 3.0-mm punch was taken from the center of the DBS and transferred to a
1.5-mL Eppendorf tube. To prevent spot-to-spot puncher carryover, an unspotted filter
punch was taken after each sample punch. A total of 150 plL of extraction solution (20 ng/
mL miltefosine-D4 in methanol) was added to each sample with the exception of double
blanks, to which 150 ulL of methanol was added. The tubes were mixed for 10 s, sonicated
for 30 min, and mixed for another 30 s. Subsequently, the final extract was transferred to an
autosampler vial, and 10 pL was injected onto the high-performance liquid chromatography
(HPLC) column. No additional recovery of miltefosine from the blood spots was found when
longer sonication times were used.

Liquid chromatography-tandem mass spectrometry

Chromatographic separation was performed as described for the previously validated
miltefosine plasma method [3], using a Gemini C18 precolumn (4.0 mm by 2.0-mm inside
diameter [i.d.]; Phenomenex, Torrance, CA, USA) and Gemini C18 analytical column (150
mm by 2.0-mm id, particle size, 5 um; Phenomenex), with isocratic elution with 10 mM
ammonia in 95% methanol (vol/vol) at 0.3 mL/min. The HPLC system (Agilent 1100 series;
Agilent, Palo Alto, CA, USA) consisted of a binary pump, in-line degasser, autosampler (at 4°C),
and column oven (at 25°C). The miltefosine concentrations were analyzed on an API-3000
triple-quadrupole mass spectrometer (MS) equipped with a turbo-ion-spray source (Sciex,
Framingham, MA, USA), operating in positive ion mode. Table 1 summarizes the MS operating
parameters.

Validation of assay for quantification of miltefosine in DBS samples

The validation of the assay was performed according to the most current EMA and FDA
guidelines for the validation of bioanalytical assays [19,20], with respect to the following
aspects: calibration model,accuracyand precision, LLOQ, selectivity (endogenousinterferences
and cross-analyte interferences), carryover (instrumentation and spot-to-spot carryover),
dilution integrity, matrix effects, and recovery. Additional experiments were performed for
the application of dried blood spots as a matrix according to EBF recommendations [21,22];
blood spot volume, blood spot homogeneity, and different WB Ht values were tested for their
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Table 1. MS operating parameters for determination of miltefosine in dried blood spots.

Run duration 5.0 min
lonspray voltage +4.5 kv
Turbo gas temperature 400 °C
Turbo gas flow 7 L/min
Nebuliser gas 11 psi
Curtain gas 9 psi
Collision gas 6 psi

Miltefosine Miltefosine-D4
Parent mass 408.5 m/z 4126 m/z
Product mass 1251 m/z 129.2m/z
Dwell time 400 ms 400 ms
Collision energy 43V 43V
Collision exit potential 22V 2V
Declustering potential 71V 71V
Focussing potential 290V 290V
Entrance potential 12V 12V
Typical retention time 2.6 min 2.6 min

effects on accuracy and precision at two concentrations (QCL and QCH). Stability for up to
162 days was tested at four nominal temperatures, i.e, —70°C, —20°C, room temperature (20
to 25°C), and 37°C.

Clinical application

As part of a larger randomized clinical trial (ClinicalTrials registration no. NCT02011958)
investigating the treatment of Ethiopian HIV-coinfected VL patients with high-dose liposomal
amphotericin B alone (total dose of 40 mg/kg, given over 24 days) or liposomal amphotericin
B (total dose of 30 mg/kg, given over 11 days) in combination with a 28-day miltefosine
regimen (2.5 mg/kg daily), paired plasma and DBS samples were collected from 16 patients.
Ethical approval was obtained from the Ethiopian National Research Ethics Review Committee,
the institutional review board of the University of Gondar in Ethiopia, and ethics committees
from Médecins Sans Frontieres, the London School of Hygiene & Tropical Medicine, and the
Institute of Tropical Medicine (Antwerp, Belgium). Regulatory approval was obtained from
the Food, Medicine, and Health Administration and Control Authority in Ethiopia. All patients
provided written informed consent before entering the study. DBS and plasma samples were
collected simultaneously on day 29 of miltefosine treatment, 1 day after the last miltefosine
dose, when patients are considered to have reached steady-state/maximal levels.

Plasma samples were collected using K,EDTA BD Vacutainers; after centrifugation,
plasma was isolated and was maintained at —20°C until analysis. DBS samples were collected
from a finger-prick using a lancet (GST Corp., New Delhi, India). A drop of blood was applied
to a Whatman 903 protein saver card without touching the filter paper with the finger tip. DBS
samples were allowed to air dry for at least 3 h before being stored in an airtight and watertight
Zipper-lock bag containing at least three desiccant packages. DBS samples were stored and
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transported by courier at room temperature. Ht levels of the patients were determined with a
Beckman Coulter AcT Diff hematology analyzer (Beckman Coulter, Fullerton, CA, USA).

Observed DBS and plasma concentrations were compared using weighted Deming
regression, and a Bland-Altman difference plot was used to depict the agreement between
the two methods. All statistical analyses were performed with R (version 3.1.2). The acceptance
criteria for the agreement between the observed and derived plasma concentrations were
based on the guideline for incurred sample reanalysis of the EMA, i.e,, the difference between
the observed and derived miltefosine plasma concentrations should be within £20% for at
least 67% of the samples [20].

RESULTS

Calibration model

Calibration standards at eight concentrations in the range of 10 to 2,000 ng/mL were prepared
and analyzed in duplicate on 3 separate days at the beginning and end of the analytical run.
To obtain the lowest total bias across the range, the linear regression of the analyte/internal
standard peak area ratio (AR) versus the concentration of miltefosine (x) was weighted, 1/x%
The calibration curve was accepted if 75% of the nonzero calibration standards were within
+15% of their nominal concentrations (£20% for the LLOQ). At least one calibration standard
at the LLOQ and ULOQ should be accepted. All three calibration curves met these criteria and
had correlation coefficients (R?) of =0.9964.

Accuracy and precision

The accuracy and precision of the method were determined by analyzing the LLOQ, QCL,
QCM, and QCH five times in three separate analytical runs. Intra-assay and interassay bias
values were within +15% of the nominal concentrations for all QC samples. As presented in
Table 2, intra-assay and interassay precision values (expressed as coefficient of variation [CV]
values) were <7.0% for QCL, QCM, and QCH and <19.1% for the LLOQ. Therefore, both the
accuracy and precision of the method were found to be acceptable.

Lower limit of quantitation

The first blank and the five LLOQ quality control samples were used to determine the signal-
to-noise ratio in three analytical runs. The signal-to-noise ratio of miltefosine at the LLOQ level
was above 5 for all three runs (i.e., 9.6, 5.3, and 5.8). Figure 2 shows representative LC-MS/MS
ion chromatograms for miltefosine and the internal standard in a double-blank sample and
an LLOQ sample.

Specificity and selectivity
Six different batches of human WB were collected from six healthy donors and adjusted to
Ht30 WB, and both a double-blank sample and an LLOQ sample were prepared from each
batch. The samples were processed and analyzed as described above. The six LLOQ samples
were all within £20% of their nominal values. For the double-blank samples, five of the six
batches showed no interference at the retention time of miltefosine over 20% of the peak
area of the LLOQ sample and none showed a peak for miltefosine-D4 higher than 5% of the
internal standard peak area. Therefore, the selectivity was considered to be sufficient.

To test the cross-analyte interference, an ULOQ sample was prepared as described
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Table 2. Intra-assay and interassay accuracy (bias) and precision (CV) determined by
analyzing quality control samples at four concentrations: i.e., LLOQ (10.1 ng/mL), QCL
(24.2 ng/mL), QCM (302 ng/mL), and QCH (1,610 ng/mL).

Nominal miltefosine

Run concentration (ng/ml) Bias (%) CV (%) # replicates
1 10.1 -9.0 9.1 5
2 10.1 8.1 7.1 5
3 10.1 48 19.1 5
Inter-assay 10.1 13 143 15
1 24.2 1.2 58 5
2 242 63 46 5
3 242 1.1 6.5 5
Inter-assay 242 28 58 15
1 302 20 13 5
2 302 -25 36 5
3 302 1.2 6.2 5
Inter-assay 302 36 7.0 15
1 1,610 -0.5 54 5
2 1,610 09 52 5
3 1610 55 35 5
Inter-assay 1,610 19 51 15

above but subsequently processed with the addition of methanol as the extraction solvent
(without the internal standard). Additionally, the internal standard was spiked separately in a
double-blank sample at the nominal concentration. No internal standard interferences were
observed for the analyte signal, and no interference from the analyte was measured for the
specific mass transition of the internal standard.

Dilution integrity

The mean miltefosine concentration at the end of a 28-day treatment (150 mg/day) was found
to be ~30,000 ng/mL in Dutch CL patients [17]. Therefore, an >ULOQ sample of 40,000 ng/mL
was used in the dilution integrity experiment. The >ULOQ sample was prepared as described
previously, and the final extract was subsequently diluted 100-fold with the final extract of
a processed blank DBS (extracted with extraction solvent containing the internal standard).
The dilution steps were as follows: first, 10 pL of >ULOQ final extract was diluted with 90 pL
of blank final extract; subsequently, 10 L of this dilution was further diluted with another 90
uL of blank final extract. The deviations of the diluted >ULOQ samples were within +3.3% of
the nominal concentration, and the precision was <2.0%; therefore, it was concluded that
samples exceeding the ULOQ (up to 40,000 ng/mL) could be diluted as described, applying a
dilution factor of 100.

Carryover

Two types of carryover are important to investigate in the validation of dried blood spot
methods, namely, instrument carryover and spot-to-spot carryover caused by the punching
device. These two sources of carryover were tested. Spot-to-spot carryover samples were
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prepared by punching spots in the following sequence: an ULOQ sample, unspotted filter
paper (to eliminate most of the carryover), a blank spot, unspotted filter paper, and a blank
spot. The two blank spots were processed as described previously and injected after the
ULOQ sample. The combined instrument and spot-to-spot carryover of the two samples was
compared to the mean value of five LLOQ sample measurements and was found to be below
19.3% of the LLOQ.

However, in clinical practice, miltefosine concentrations are often expected to exceed
the calibration range of 10 to 2,000 ng/mL. Samples with expected concentrations around
the ULOQ or >ULOQ values should preferably be analyzed in one batch. After punching of
a 40,000-ng/mL >ULOQ sample, carryover is acceptable (<20% of LLOQ) at the fourth blank
spot punched subsequently.

Matrix factor and recovery

The matrix factor (MF) and recovery were tested in six different batches of Ht30 WB, spiked
at QCL and QCH singularly. Ten-microliter spots were prepared from these solutions, so-
called “processed DBS samples” For the analysis, the entire spot was cut out and processed
as described previously, with 150 plL of extraction solvent. Additionally, “matrix-absent” and
‘matrix-present”samples were prepared, for which two neat solutions, namely, MF-low (MF-L)
(24.4 ng/mL miltefosine) and MF-high (MF-H) (1,630 ng/mL miltefosine), were first prepared
in extraction solvent (20 ng/mL miltefosine-D4 in methanol). The matrix-absent samples
were prepared by diluting 10 plL of these neat solutions with 140 pL of extraction solvent.
The matrix-present samples were prepared by cutting out the entire 10-uL blank spots of
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Figure 2. Representative LC-MS/MS ion chromatograms of miltefosine (1A) and internal standard miltefosine-D4 (1B) quantified
in a double-blank DBS sample and of miltefosine (2A) and miltefosine-D4 (2B) in an LLOQ sample (10.1 ng/mL).
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the six different Ht30 WB batches, after which 10 uL of MF-L or MF-H solution and 140 pL of
extraction solvent were added.

The MF was calculated for each batch by calculating the ratio of the miltefosine peak
area in the matrix-present sample to that in the matrix-absent sample. The MF at both tested
concentrations was ~0.3 as a result of matrix effects (ion suppression). The I1S-normalized MF
was ~1.0, which indicated that the stable isotope-labeled internal standard was effectively
compensating for any matrix effects. At both tested QC levels, the CVs of the absolute and
IS-normalized MF values calculated from the six different Ht30 WB batches were below 11.5%.

Given that the internal standard is added as extraction solution, it is not part of the
sample pretreatment; therefore, the IS-normalized values were used to determine recovery.
The sample pretreatment recovery was calculated by comparing the area ratio (AR) of the
processed DBS samples with the AR of the matrix-present samples. IS-normalized sample
pretreatment recovery was ~100% (97.2% for QCL samples and 103% for QCH samples). At
both tested QC levels, the CV of the IS-normalized recovery from the 6 batches was below
6.7%.

Both the matrix effect and recovery experiments were considered acceptable,
because the CVs calculated for the six different Ht30 WB batches were consistent and below
15%.

Stability

DBS QC samples were prepared at two concentrations (QCL and QCH), as described previously,
and were air dried at room temperature overnight. The following day, the samples were stored
in sealed aluminum bags with three desiccant packages at four temperatures, ie, —=70°C,
—20°C, room temperature (20 to 25°C), and 37°C. Stability was tested on days 34, 58, 107, and
162; the measured concentrations were within +12.5% of the nominal concentrations and
the precision was <10.7%. The stability of miltefosine in DBS samples was proven to be at
least 5 months (162 days) at temperatures ranging from —70°C to 37°C, with storage in sealed
aluminum bags with three desiccant packages.

Blood spot homogeneity

Blood spot homogeneity was investigated with 20-uL Ht30 WB DBS samples at QCL and QCH
levels, in triplicate; 3.0-mm punches were taken at the perimeter instead of the center of the
spots. The bias was 21.8% for the QCL level and 18.0% for the QCH level (CV, <7.4%), which
points out the importance of punching the center of the spot.

Effect of blood spot volume

For all of the validation procedures described here, a standard fixed spot volume of 20 uL was
used. QCL and QCH samples were spotted in blood spot volumes reflecting the procedure in
clinical practice, i.e, 10, 15, 25, and 30 uL. Samples were analyzed in triplicate. Accuracy and
precision were all within £13.4%, indicating that variability in blood spot volumes between
10 and 30 pL had no effect on the accuracy and precision of the method (data not shown).

Effect of hematocrit levels

Human WB was adjusted to a range of Ht values that were expected in clinical practice
with HIV-coinfected VL patients, ie, 20, 23, 31, and 35%. For each Ht level, QCL and QCH
samples were spiked and analyzed in triplicate. The accuracy and precision of DBS samples
within this Ht range were all within +14.1% and <7.2%, respectively, and therefore were
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considered acceptable (within +£15%) (data not shown). However, a linear effect of Ht values
on the miltefosine quantification was visible in these experiments; therefore, a wider range
of Ht values was prepared, to investigate the relationship between Ht levels and the bias in
miltefosine quantification. Human WB was adjusted to five different Ht levels (10, 21, 30, 40,
and 51%), spiked at two concentrations (QCL and QCH), and spotted at a volume of 20 pL.
Samples were analyzed in triplicate.

Figure 3 depicts the bias caused by Ht levels in the area ratio of quality control
samples prepared in WB with different Ht levels, relative to standard quality control samples
prepared in WB Ht30. The linear trend in the bias of the miltefosine concentrations with
increasing Ht levels relative to Ht30 could be described by Equation 1 (R*=0.9761):

Equation 1:  Biasw = (0.013 - Ht - 0.359) - 100%

The same Ht range was spotted at 10, 30, 40 and 50 plL and the linear regression had
approximately the same slope regardless of the blood spot volume (data not shown).

Clinical evaluation of DBS versus plasma concentrations in patient samples

A total of 16 paired DBS and plasma samples were available from miltefosine-treated
Ethiopian HIV-coinfected VL patients. Samples originated from the last treatment day, at which
miltefosine plasma concentrations exceed the ULOQ. Miltefosine concentrations ranged
from 8,420 to 29,300 ng/mL and from 6,920 to 29,300 ng/mL for DBS and plasma samples,
respectively. The median of the observed miltefosine DBS/plasma concentration ratio was
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Figure 3. Effects of hematocrit levels on the accuracy of miltefosine quantification at two concentrations (i.e,, QCL [24 ng/mL]
and QCH [1,600 ng/mL]), depicted as bias (%) in the area ratio in comparison with Ht30 WB (used for calibration standards). The
linear regression line is described as Bias,, =(0.013 x Ht-0.359) x 100%. Dashed lines, 15% bias.
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0.99 (range, 0.83 to 1.22). The correlation between paired individual observed miltefosine
plasma and DBS concentrations, using a weighted Deming regression, is depicted in Figure
4. The slope of the weighted regression line was 0.87 (95% confidence interval [Cl], 0.70 to
1.04), with an intercept of 2,091 (95% Cl, —1,132 to 5,313) (Pearson’s r = 0.946). The line of true
identity, with a regression slope of 1, lies within the 95% Cl of the Deming regression line
(Figure 4). This indicates an approximately equal distribution of miltefosine in blood plasma
and erythrocytes.

20000 30000 40000
| | |
L]

Observed DBS concentration (ng/mL)
10000
|

prel Pearson's r = 0.946

0
!
\
\
\

T
0 10000 20000 30000 40000

Observed plasma concentration (ng/mL)

Figure 4. Observed miltefosine dried blood spot concentrations plotted against the corresponding observed plasma
concentrations in paired patient samples (n=16). Solid black line, weighted Deming fit (2,091 0.87x; Pearson’s r=0.946); dashed
black lines, 95% confidence interval of the fit; solid gray line, line of true identity.

Miltefosine (MIL) plasma concentrations can thus be derived from the observed DBS
concentrations by using the derived Deming regression equation, as follows:

([MIL]DBS - 2091)

Equat@n 2: [MIL]p\asma,denved = O 87

Allderived miltefosine plasmaconcentrations calculated fromthe observed DBS concentrations
by using Equation 2 were within +20% of the observed plasma concentrations, as shown in
the Bland-Altman plot (Figure 5).

Large between-patient variability in baseline Ht levels is expected for VL patients,
and Ht levels typically increase over time during the treatment period as patients recover
from their infections. Given the effect of Ht levels on the miltefosine quantification with DBS
samples established in the bioanalytical validation, the appropriateness of Ht correction of the
clinical DBS concentrations was assessed using the patients’ paired DBS and plasma samples.
Individual patient Ht levels were available for all paired samples, ranging between 23.4% and
44.0%, with a median of 30.5%. We tested Ht correction of the observed DBS concentrations
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Figure 5. Bland-Altman difference plot depicting the differences between the plasma concentrations derived using the Deming
regression equation, based on the observed DBS concentrations, and the observed plasma concentrations. Dashed lines, 20%
bias, compared to the observed plasma concentrations.

for these clinical samples by using Equation 1, describing the effect of Ht levels on miltefosine
quantification in the bioanalytical validation, which resulted in Equation 3:

M”— IDBS, observe:
Equation 3: [MIL]DBS,corrected = 0 6[41 +]0 bb13 dHt

The correlation between the Ht-corrected DBS concentrations and the corresponding
observed plasma concentrations using a weighted linear Deming regression resulted in a
slope of 0.83 (95% Cl, 0.73 to 0.94), with an intercept of 2,051 (95% Cl, 238 to 3,863) (Pearson’s r
=0.951) (graph not shown). The 95% Cls of both the slopes and intercepts of the Ht-corrected
and non-Ht-corrected regression lines were overlapping, indicating that Ht correction does
not provide a significantly better fit. While all derived plasma concentrations were within 20%
of the observed plasma concentrations without Ht correction, 2 of the 16 paired samples
were outside the +20% bias, relative to the observed plasma concentrations, when the
DBS concentrations were first corrected for Ht bias (Figure 6). Furthermore, no obvious or
systematic trend in the bias of the derived plasma concentrations (no Ht correction) versus
Ht levels was visible (Figure 7). Based on the clinical validation, correction of miltefosine DBS
concentrations for Ht levels appeared not to be appropriate.
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Figure 6. Bland-Altman difference plot depicting the differences between the Ht-corrected plasma concentrations derived

using the Deming regression equation, based on the Ht-corrected DBS concentrations, and the observed plasma concentrations.
Dashed lines, 20% bias, compared to the observed plasma concentrations.
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Figure 7. Differences between the plasma concentrations derived using the Deming regression equation, based on the observed

DBS concentrations (without Ht correction), and the observed plasma concentrations versus hematocrit levels. Dashed lines,
20% bias, compared to the observed plasma concentrations.
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DISCUSSION

The assay described here is the first assay to measure miltefosine concentrations in patients
using less-invasive DBS sample collection, to facilitate future clinical trials investigating
new antileishmanial treatment regimens including the drug miltefosine. The assay was
successfully validated according to FDA/EMA guidelines and EBF recommendations. With this
method, miltefosine can be accurately and precisely quantified with an LLOQ of 10 ng/mlL,
and concentrations as high as 40,000 ng/mL can be analyzed by 100-fold dilution. Paired
miltefosine DBS and plasma samples were collected from 16 HIV-coinfected VL patients in
Ethiopia. This clinical evaluation demonstrated good correlation between observed plasma
and DBS concentrations. Miltefosine plasma concentrations derived from the observed DBS
concentrations using a weighted Deming regression were within 20% of the observed plasma
concentrations over a wide range of concentrations. We showed here that the observed
miltefosine DBS concentrations were approximately equal to the paired observed plasma
concentrations. This indicates an equal distribution of miltefosine between erythrocytes and
plasma in blood of miltefosine-treated VL patients, an observation that has not been shown
previously, to the best of our knowledge. DBS samples were found to be stable for at least 162
days at up to 37°C, using a simple storage procedure with desiccant packages, which enables
storage of the miltefosine PK DBS samples at room temperature in tropical regions.

Influence of Ht levels on miltefosine DBS measurements

The patients included in our study showed variable Ht levels, as described previously [15],
with a median of 30.5%, which is around the standardized Ht level of 30% used for the
preparation of calibration standards and QC samples in this assay. Despite a linear correlation
between Ht levels and the miltefosine DBS quantification bias observed during the laboratory
bioanalytical validation, no such trend in bias due to Ht levels was found in the clinical
application, with individual patients'Ht levels ranging from 23.4% to 44.0%. Ht correction did
not significantly improve the calculation of the derived miltefosine plasma concentrations
from the observed DBS concentrations in patient samples. Additionally, samples from 4 of 16
patients exceeded the validated Ht range (i.e., 35.2%, 37.2%, 38.4%, and 44.0%), but for those
samples also the observed plasma concentrations were accurately described by the observed
DBS concentrations, without the need for Ht correction.

These findings showed that the observed Ht effect on miltefosine quantification
in the biocanalytical validation could not be confirmed in the clinical validation. Several
factors can be hypothesized to have effects on miltefosine quantification in clinical practice,
which together could potentially counteract the observed effect of Ht levels on miltefosine
determinations. The most general explanation for the Ht effect on analyte quantification is
that Ht levels affect the distribution of the applied blood over the filter paper [13]. Blood
with high Ht levels spreads less, and therefore the fixed-diameter subpunches contain larger
volumes of blood than do samples of blood with lower Ht levels. It could be argued that, when
the bioanalytical validation samples are spotted with a pipette, more pressure is applied than
during finger-prick spotting, in which the drop merely falls onto the paper. This difference in
blood flow upon application of the blood spot to the filter paper might theoretically reduce
the total blood volume contained in the 3.0-mm punch from the dried blood spot.

It could also be hypothesized that the blood spot volume is larger for patients with
lower Ht levels, due to lower viscosity of the blood leading to higher blood flow. However,
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when the blood spot diameters as indications of blood spot volumes [23] were compared
for the blood spots in this clinical validation, no such trend between Ht levels and blood spot
diameters was found for the patient samples (R?= 0.002) (data not shown). Therefore, this is
not likely to explain the absence of Ht-related bias in the miltefosine quantification of clinical
samples.

Additionally, the DBS samples used in the bioanalytical validation differed from the
clinical DBS samples in terms of matrix. While the clinical samples were derived from capillary
blood obtained by finger puncture, venous blood obtained by venipuncture was used for
bioanalytical validation purposes, for practical reasons. It was reported previously that the
analyte concentrations in these two matrices could differ, which was mostly explained by the
slower distribution equilibrium toward the capillaries [24]. However, miltefosine accumulates
during treatment and reaches steady-state levels during the last week of treatment for
most patients. Because the clinical DBS samples were collected 1 day after the last dose of
miltefosine, we did not expect the miltefosine concentration to differ between these two
matrices.

Finally, during the bioanalytical validation, the effect of Ht was tested while other
blood constituents, such as plasma proteins and other blood cells, were kept constant. In
clinical samples, however, these blood constituents may be variable and potentially correlated
with Ht levels, affecting the miltefosine quantification. For instance, serum albumin levels are
significantly lower during active VL infections than those in healthy control subjects [25], as
are Ht levels, and both anemia and low albumin levels were found to be risk factors for poor
clinical outcomes in VL [26]. Therefore, low Ht levels and low albumin levels are expected
to be correlated. Miltefosine is highly protein bound (96 to 98%), and the majority of the
protein-bound fraction (97%) is bound to albumin [27]. This could imply that reduced serum
albumin levels theoretically would lead to an increase in the unbound miltefosine fraction in
plasma and correspondingly to increased distribution of miltefosine toward the erythrocytes
[5]. The effects of blood protein changes, concurrent with low Ht levels, on the quantification
of miltefosine cannot be accounted for in the bioanalytical validation.

In conclusion, various clinical factors potentially affect miltefosine quantification,
cancelling out the systematic bias caused by Ht levels and making individual Ht correction
redundant in clinical practice. The absence of bias due to Ht levels in the clinical samples
makes the application of DBS sample collection easier in the field, without the explicit need for
concurrent Ht measurements, and thus allows for DBS sample collection without expensive
laboratory equipment.

Applicability of miltefosine DBS sampling method

For the clinical validation, we had only a limited number of paired samples available. While
there is no strict consensus regarding the number of paired samples required for method
comparisons, the evaluation of 40 samples has been proposed [28]. However, the collection
of additional paired samples from the highly anemic HIV-coinfected patients in this study was
unfortunately not feasible, due to practical limitations and ethical constraints. Paired patient
samples were available over a wide but relatively high (>ULOQ) range of miltefosine plasma
concentrations, between 6,920 and 29,300 ng/mL. However, as no trend could be observed
concerning the effect of Ht levels on miltefosine quantification from DBS samples in clinical
practice over this wide concentration range, we do not expect that Ht correction will be
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needed for lower concentration ranges.

We have demonstrated that DBS sample collection is a valid alternative to plasma
sampling for the quantification of miltefosine, which has many practical advantages. DBS
sampling is minimally invasive and requires only a minute volume of blood. This is particularly
beneficial for application of the method in a pediatric population (a large proportion of
VL patients are <12 years of age), as well as, for example, highly anemic HIV-coinfected VL
patients. Additionally, DBS collection constitutes a low biohazard, reducing the risk of needle
stick incidents when sampling HIV-coinfected VL patients. Finally, expensive and logistically
challenging cold-chain storage and transport are not required for the DBS samples, simplifying
the conducting of PK studies in remote areas where leishmaniasis is endemic and only limited
clinical and laboratory infrastructure is available.
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ABSTRACT

Miltefosine is an oral agent against the neglected tropical disease leishmaniasis, which is mostly
endemic in resource-poor areas. Dried blood spot (DBS) sampling is an attractive alternative to
plasma sampling for pharmacokinetic studies in these remote areas, but introduces additional
variability in analyte quantification due to possible blood spot inhomogeneity and variability
in blood spot volume and haematocrit values. Volumetric absorptive microsampling (VAMS)
potentially overcomes a few of these issues as the VAMS device absorbs a fixed volume
that is processed as a whole. We developed and validated an LC-MS/MS method for the
quantification of miltefosine with this novel sampling technique with good performance in
terms of linearity, selectivity, accuracy (bias within £10.8%), precision (CV% < 11.9%), recovery,
carry-over and matrix effect. VAMS samples were stable for at least one month at room
temperature and 37°C. The impact of haematocrit on assay accuracy was reduced compared
to conventional DBS sampling, but indicated a declining recovery with increased haematocrit
due to haematocrit dependency in recovery from the sampling device. A clinical validation
will be required to investigate whether VAMS is an appropriate and cost-effective alternative
sampling method to conventional DBS sampling.
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INTRODUCTION

Miltefosine is currently the only oral drug in the treatment of the neglected tropical diseases
cutaneous and visceral leishmaniasis (VL). The drug is now mainly being evaluated in
combination therapies in special patient populations such as HIV co-infected VL patients. Since
miltefosine exposure is a significant determinant of treatment outcome [1], pharmacokinetic
analyses are important in the evaluation of new treatment regimens that include miltefosine.

Our group has recently published a novel bicanalytical assay for the quantification of
miltefosine in dried blood spots (DBS) collected on Whatman 903 filter paper [2]. Despite the
many advantages of DBS sample collection, this sampling method introduces new variables
affecting the accuracy in the quantification of analytes [3-5] such as blood spot volume, blood
spot homogeneity and individual time-varying haematocrit (Hct) levels. The most discussed
hurdle in the application of this conventional DBS sampling, where a sub-punch of the blood
spot is extracted from a DBS card, is the Hct effect on the viscosity of the blood leading to
variability in the blood volume collected in the sub-punch taken from the sample for analysis
[3]. Also in the bioanalytical validation of the aforementioned method quantifying miltefosine
in DBS, there was a Hct effect on the accuracy of the method ranging between -21.3% to
+35.4% in an Hct range from 10 to 51% [2]. Hct is a particularly important factor in VL patients,
since their Hct levels are typically severely decreased during active disease (median 25%) and
increase towards a median of 33% at the end of treatment [6]. Hct issues could be avoided
in conventional DBS sampling by whole spot analysis of a volumetrically controlled blood
spot applied by a capillary or pipette. However, this adds further complexity to the sampling
method which is especially troublesome in the resource-poor endemic VL settings and/or
would still require venous sampling.

A new sampling method in which a fixed volume of whole blood can be collected is
volumetric absorptive microsampling (VAMS). The VAMS device (depicted in Figure 1) absorbs
a small fixed volume of 10 pL. whole blood by wicking onto a porous, hydrophilic tip [7]. At
present, a total of six bioanalytical method validations applying VAMS have been published
[8-13]. Across a 20-70% Hct range, the variation (CV%) in the median absorbed whole blood
volume was only 3.6% [7], demonstrating that the VAMS device accurately and reproducibly
absorbs a fixed volume of blood independent of Hct. Inter-laboratory variability in blood
volume sampled by six different laboratories was only 8.7% [14]. Compared to venous
sampling, the VAMS technique offers the same advantages as conventional DBS sampling:
reduced blood sampling volumes, simplification of the sample collection (not requiring
cannulae), simplification of pre-treatment methods, reduced costs of shipment and storage
at room temperature. In addition, the VAMS device overcomes important issues related to
conventional DBS sampling. A fixed volume is absorbed and processed as a whole, which
means there is no additional variability of blood spot volume and blood spot homogeneity
affecting the accuracy of the method. Moreover, VAMS sampling should in theory overcome
the conventional DBS issue of variable blood volumes in sub-punches depending on the Hct
level, since the volume collected with the VAMS device should be the same independent of
Hct.

In this study, we describe the development and validation of an LC-MS/MS method
for the quantification of miltefosine in dried blood collected with the VAMS device. An
additional aim of this study was to evaluate the Hct effect on miltefosine quantification in
comparison with the previously published conventional DBS method.
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METHODS

Materials & chemicals

VAMS devices (brand name Mitra™) were purchased from Neoteryx, LLC (Torrance, CA, USA).
Miltefosine (Figure 2) was supplied by Sigma-Aldrich (Zwijndrecht, the Netherlands) and
deuterated miltefosine (miltefosine-D4, Figure 2) was purchased from Alsachim (llikirch
Graffenstaden, France). Methanol (HPLC grade) and water (HPLC grade) were purchased from
Biosolve Ltd. (Valkenswaard, the Netherlands). Ammonia (25%) was purchased from Merck
(Amsterdam, the Netherlands).

Whole blood was collected from healthy volunteers in K.EDTA BD Vacutainers® and
adjusted to mimic typical Hct values of VL patients (between 23 and 37% [6]) by addition of
blood plasma of the same volunteer obtained after whole blood centrifugation. Hct levels
were determined with either the Cell Dyn Hematology analyser (Abbot Diagnostics, Lake
Forest, IL, USA) or the XN-3000 Hematology analyser (Sysmex, Kobe, Japan). Whole blood was
stored at 2-8°C no longer than one week before the preparation of validation samples.

Figure 1. Picture of the VAMS device Mitra™ (www.neoteryx.com). The VAMS sampler consists of a hydrophilic polymeric tip
attached to a plastic handle. The tip absorbs a fixed volume of approximately 10 pL.

LC-MS/MS system

Chromatographic separation and MS/MS analysis were performed with the same equipment
and under the same settings as described previously in the validation of the conventional DBS
method for the quantification of miltefosine [2]. Chromatographic separation was performed
using a Gemini C18 analytical column on an HPLC system (Agilent 1100 series; Agilent, Palo
Alto, CA, USA). The API-3000 triple-quadrupole mass spectrometer (MS) was used as a detector.
LC-MS/MS details can be found in the supplementary information.

Preparation of calibration standards and quality control samples

Two stock solutions of 1T mg/mL miltefosine in methanol-water (1:1, v/v) were prepared
from independent weightings. Separate stocks were used for the preparation of calibration
standards and quality control (QC) samples. Working solutions were prepared in methanol-
water (1:1, v/v). Calibration standards were subsequently prepared from these working
solutions by a 1:20 (v/v) dilution in Hct-adjusted whole blood (Hct value of around 30%) to
final nominal concentrations of 10, 20, 200, 750, 1500, 2250, 4000 and 5000 ng/mL. Similarly,
QC samples were diluted from working solutions to final concentrations of nominally 10, 25,
450, and 3,750 ng/mL (lower limit of quantification [LLOQ], low-level QC [QCL], mid-level QC
[QCM], and high-level QC [QCH], respectively). To test the dilution integrity, a sample above
the upper limit of quantification (>ULOQ) of 50,000 ng/mL was prepared from a 1:20 (v/v)
dilution in Hct-adjusted whole blood (Hct value of around 30%).
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Samples were mixed carefully by inversion of the tube and applied to the VAMS
device by touching the tip to the blood sample surface. After the tip was completely colored,
the contact with the blood surface was extended for two seconds to ensure full absorption, as
described previously [7]. Misuse of the VAMS device, such as double-dipping and immersing
the tip past the shoulder, was attentively avoided [7]. The device was dried at ambient room
temperature for at least three hours.

A stock solution of 1T mg/mL miltefosine-D4 was prepared in methanol-water (1:1,
v/v) and diluted to an internal standard (IS) working solution of 400 ng/mL miltefosine-D4 in
methanol (15400).

m/z129.2
Figure 2. Chemical structures of (I) miltefosine and (Il) miltefosine-D4.

Final pre-treatment method

The tip was separated from the holding device in a 2 mL Eppendorf tube to which 175 ul
methanol was added. Samples were mixed for 15 min at 1,250 rpm. After vortex mixing the
samples for an additional 30 s, 100 uL of extract was transferred to a clean 1.5 mL Eppendorf
tube. For samples expected to be above the validated range, 10 plL of extract was transferred
to a 1.5 mL Eppendorf tube containing 190 uL of methanol and subsequently vortex mixed
for 30 s after which 100 ulL was transferred to a clean Eppendorf tube. To all samples, 10 uL
IS400 was added and samples were vortex mixed for 30 s. The final extract was transferred to
vials and injected onto the column.

Validation

The method validation was based on the FDA and EMA guidelines for bioanalytical method
validation [15,16]. The following validation tests were performed: calibration model, accuracy
and precision, selectivity, dilution integrity, matrix factor, recovery, carry-over and stability.
Additionally, the effect of Hct on analyte quantification was assessed as recommended by the
European Bioanalysis Forum (EBF) for DBS methods [17].

79



80

Chapter 2.2

Linearity

Fresh calibration standards were prepared in duplicate for all validation runs and injected
at the beginning and end of each run. Analyte/IS peak area ratios were plotted against
the corresponding nominal concentration and the linear regression was evaluated with
both a 1/x and 1/x?> weighting factor, where x is the analyte concentration. Back-calculated
concentrations should be within +15% of the nominal concentration (or +20% for the LLOQ).
At least one calibration sample at LLOQ and ULOQ level should be within the requirements in
each validation run.

Selectivity
Selectivity was evaluated by collecting whole blood from six different healthy volunteers

and preparing a double blank and LLOQ sample for each batch. The chromatograms were
evaluated for potential endogenous interferences. Selectivity was considered acceptable if
observed interferences were <20% of the LLOQ for miltefosine and <5% of the IS signal for
miltefosine-D4. According to the acceptance criteria, the accuracy and precision of the LLOQ
samples should be within £20% and <20%, respectively.

Accuracy, precision and dilution integrity

Intra- and inter-assay precision and accuracy were determined by analysing five processed
replicates of the quality control samples (LLOQ, QCL, QCM and QCH) in three separate
validation runs. Five replicates of the >ULOQ were prepared, diluted and analysed in one
validation run to determine dilution integrity. The accuracy of the method is expressed as the
bias from the measured analyte concentration and should be within £15% of the nominal
concentration (+20% for LLOQ). The intra-run bias (%) is calculated as the bias of the mean
measured concentration per run, compared to the nominal concentration. The inter-run
bias (%) is calculated as the bias of the overall mean measured concentration over all three
runs, compared to the nominal concentration. The intra-run precision of the method was
determined by calculating the percent coefficient of variation (%CV) for each set of replicates
per run and was considered acceptable if <15% (<20% for LLOQ). To calculate the inter-run
variation, a one-way ANOVA was used.

Recovery and matrix factor
To evaluate recovery and the matrix factor, blank samples were prepared from six different
whole blood batches in duplicate as described previously. From the same six batches of blood
a QCL and QCH sample were prepared in singular. The recovery was calculated per separate
whole blood batch from the ratio of the processed QC sample response to the response of
the blank extract spiked with the required level of analyte to obtain the same miltefosine
final extract concentration as the QC sample. The required analyte amount to be added was
determined with the calculated average blood wicking volume as described in the Mitra™
certificate of conformance.

The matrix factor was calculated for each whole blood batch as the ratio of the
spiked blank extract response versus the mean of the matrix free neat solution response (n=3).

Carry-over
The carry-over of the LC-MS/MS was tested by injection of two double blank processed

samples directly after the injection of a processed ULOQ sample. The peak areas of the blanks
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were compared to the mean area of the five LLOQ replicates. Carry-over was considered
acceptable if <20% of the LLOQ for miltefosine and <5% of the IS signal for miltefosine-D4.

Stability

Short-term stability was tested for five days at room temperature (22+3°C) at the QCL and
QCH concentration level. Long-term stability was tested for one month storage at room
temperature (22+3°C) and at 37+3°C at the QCL and QCH concentration level. The VAMS
devices were stored in the supplied clamshell storage containers in the dark (Neoteryx, LLC,
Torrance, CA, USA).

Final extract stability was tested up to 5 days at 2-8°C at the QCL and QCH
concentration level. Stock solutions of T mg/mL in methanol-water (1:1, v/v) were stored at
-20°C for 28 months. Working solutions were stored at -20°C for 40 months at miltefosine
concentrations of 80 and 40,000 ng/mL in methanol-water (1:1, v/v).

Hct effect on method accuracy
To determine the assay bias over a range of Hct, VAMS samples were prepared from K -EDTA
whole blood adjusted to 10, 20,41 and 50% Hct and spiked at QCL (25 ng/mL) and QCH (3,750
ng/mL) level in three-fold for each Hct level. Calibration standards were prepared as described
above in whole blood adjusted to a Hct value of 30%. Accuracy (bias %) and precision (C\V%)
were considered acceptable across the Hct range if within £15% and <15%, respectively.
Conventional DBS samples were prepared as described previously [2] in whole blood
adjusted to Hct 14, 25, 29, 38 and 50%. DBS samples were prepared at the QCL (24 ng/mL) and
QCH (1610 ng/mL) concentration level in three-fold for each Hct level. Concentrations were
quantified using calibration standards spiked with miltefosine to whole blood adjusted to a
Hct value of 29%. For both VAMS and DBS samples the bias was calculated as the difference
between the mean calculated concentration and the nominal concentration.

RESULTS & DISCUSSION

Linearity

Calibration curves of analyte/IS peak area ratio versus nominal analyte concentration were
evaluated and when a weighting factor of 1/x* weighting was applied, the bias across the
range was improved considerably. Linear regression correlation coefficients (R?) were >0.9955
in all cases. All back-calculated calibration standard concentrations were within +15% of their
nominal value and coefficients of variation were below 15%. The linear range of 10-5,000
ng/mL for this method is therefore wider than for the previously published plasma (4-1,000
ng/mL [18]) and conventional DBS method (10-2,000 ng/mL [2]). Given the wide range of
miltefosine concentrations encountered in patients [19], this wider bioanalytical range will
reduce the number of samples requiring dilution.

Selectivity

The results for the selectivity of the validated method are shown in Table 1. There were no
unexpected endogenous interferences >20% of LLOQ for miltefosine, nor >5% of the IS
signal. The method was therefore considered to be selective. Additionally, the LLOQ could be
analyzed precisely and accurately for all six batches (bias within +19.1%, %CV 9.0%).
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Table 1. Selectivity results for determination of miltefosine in dried blood samples collected with VAMS
device prepared in six batches of blank whole blood — accuracy of the LLOQ (nominal concentration
9.99 ng/mL) per batch and relative interference as percentage of LLOQ in double blank per batch.

Batch Hct (%) Measured miltefosine Accuracy LLOQ Relative interference
whole blood concentration (ng/mL)  (bias, %) double blank

(% of LLOQ)

#2 43 14 14.1 54
#3 49 9.87 -1.2 73
#4 48 9.95 04 45
45 42 1.9 19.1 75
#6 48 961 38 7.0

Accuracy, precision and dilution integrity
The intra- and inter-run mean biases, shown in Table 2, were within £10.8% (within £7.9% for
the LLOQ), and thus meets the criteria for assay validation. Representative chromatograms
are depicted in Figure 3. Intra- and inter-run precision were below 9.9% for all validation runs
(£11.9% for LLOQ), and therefore also meet the established criteria. The intra-run bias and
precision for the 20-fold dilution of the <ULOQ sample (50,000 ng/mL) were 0.1% and 4.8%,
respectively. The here validated method was therefore considered accurate and precise in a
concentration-range between 10-50,000 ng/mL.

The expected miltefosine concentration-range in patients covers a wide range from
10to 50,000 ng/mL [19]. This emphasizes the importance of dilution integrity for this method,

Table 2. Accuracy and precision of determination of miltefosine in dried blood samples collected with VAMS device.

QClevel Nominal miltefosine Intra-run Intra-run Inter-run Inter-run
concentration (ng/mL) mean bias (%) precision (%CV) mean bias (%) precision (%CV)
LLOQ 10 1 4.2 119
2 79 89 44 -
3 1.2 56
QCL 25 1 22 99
5 17 48 -04 39
3 -52 49
QM 450 1 108 7.5
5 01 24 4.5 4.8
3 2.7 49
QCH 3,750 1 34 55
) 04 64 4 B
3 43 23
>ULOQ 50,000 1 0.1 48

“Inter-run precision could not be calculated (mean square between the groups is less than the mean square within the groups), meaning
that there is no additional significant variation in performing the assay in different runs.
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as samples above 5,000 ng/mL have to be diluted up to 10 times. As dried blood samples
cannot be diluted before the sample pre-treatment, samples above the quantitation limit
were diluted prior to addition of the internal standard. As described in the pre-treatment
method, this required volume transfer of all samples - including calibration standards and
QC samples — before the internal standard was added, which could potentially introduce
additional variability. This validation revealed however no negative impact of this dilution
method on the precision of the method.

Matrix factor and recovery

The absolute mean matrix factor was 0.637 (range 0.606-0.674) and 0.691 (range 0.532-0.802)
at QCL and QCH, respectively. The mean normalized matrix factor (matrix factor analyte/
matrix factor IS) was 0.992 (range 0.941-1.033) and 0.996 (range 0.963-1.017) at QCL and QCH,

Double Blank - Miltefosine Double Blank - Miltefosine-D4
m/z 408.5 > 1251 | 30000 - m/z 412.6 > 129.2
900 -
20000 -
600 -
10000 -
300 -+
O - T——————— T T T T T T T T T
LLOQ - Miltefosine LLOQ - Miltefosine-D4
m/z 408.5 > 1251 | 30000 - m/z 412.6 > 129.2
m
Q
o 20000 -
>
=
2
S 10000 -
L
£
o -
QCM - Miltefosine QCM - Miltefosine-D4
m/z 408.5 > 125.1 | 300004 m/z 412.6 > 129.2
30000 -
20000 1
20000 -
10000 1
10000 -
0 - e———————————— e e e 0 - —r——————— T

15 20 25 30 35 40 15 20 25 30 35 40
Time (min)

Figure 3. LC-MS/MS chromatograms obtained from double blank, LLOQ (10 ng/mL) and QCM (450 ng/mL) samples. Left is
miltefosine, right is the deuterated internal standard miltefosine-D4.
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respectively, indicating that the deuterated IS miltefosine-D4 effectively compensates for
matrix effects. Mean normalized sample pre-treatment recovery was 69.7% (range 60.5-79.2%)
and 70.6% (range 66.9-78.4%) as QCL and QCH, respectively. The matrix factor and recovery
were reproducible for the six different batches of whole blood (%CV <10.8). Hct values of the
six different batches ranged between 30 and 42%.

During the development phase of the pre-treatment method, extraction recovery
with 5% ZnSO,7H,0 in water, as advised by the VAMS manufacturer for small molecule
extraction, was compared to extraction with methanol using VAMS samples prepared
at 1,600 ng/mL miltefosine in whole blood of 33 and 48% Hct. The variation in extraction
recovery between Hct levels was lower for methanol (68.7% versus 60.3%, for 33 and 48%
Hct respectively) than for extraction with 5% ZnSO,7H,0 in water (103% versus 78.5%).
Furthermore the extraction with methanol resulted in an approximately three times higher
absolute MS response compared to 5% ZnSO,7H,0 in water, due to the ion suppressive
effects of the sulphate ions in the latter.

Carry-over
The response in the blank samples after injection of the ULOQ was <19.8% (0% for the IS) of
the mean response at the LLOQ. Therefore, the carry-over is considered acceptable.

Stability

Miltefosine was stable in dried VAMS samples for at least one month at QCL and QCH levels
at a room temperature of 22+3°C (bias -8.0 and -6.6%, respectively) and at 37°C (bias -9.7
and -13.0%, respectively). Since a declining trend in accuracy of the analysed miltefosine
concentrations was observed, it could be considered to store samples in the freezer for longer
storage periods (stability under these conditions was not evaluated). Final extract stability
was acceptable for at least 5 days at 2-8°C (bias -2.0 and -3.6% for QCL and QCH, respectively).
At -20°C, stock solutions (1 mg/mL) were stable for at least 28 months with a bias of 1.9%.
Working solutions were stable for at least 40 months at -20°C (bias within +4.4%).

Hematocrit effect on accuracy

As previously observed during the bioanalytical validation of the conventional DBS method
[2], there was a trend visible in the impact of Hct on miltefosine quantification bias for
conventional DBS (Figure 4). The bias in the measured miltefosine concentration was positively
correlated with the Hct value of the whole blood: at low Hct values (14%) the bias was around
-20% and at high Hct values (50%) the bias was around +25% (Figure 4), compared to whole
blood calibration standards with an Hct value of 29%. This is in accordance with the published
validation, in which the miltefosine DBS method could only be validated between 20-35%
(biases within +15%) [2]. In addition to the effect of Hct, the accuracy of the method was
influenced by variability in blood spot volume and inhomogeneity of the spot [2].

The Hct effect on accuracy for the VAMS sampling methodology is also depicted
in Figure 4. For both concentration levels (QCL and QCH) the accuracy (depicted as bias
%), was inversely correlated with the Hct value with a positive bias for low Hct levels and a
negative bias at higher Hct levels. While the bias was less pronounced than for conventional
DBS sampling (in a range from Hct 10-50%, only the Hct 10% QCL values were outside the
acceptable +15% bias), an opposite trend was observed for this sampling method.

The Hct impact on accuracy was most probably attributable to the effect of Hct on
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the analyte recovery described previously (at 1,600 ng/mL, the recovery was 69% for Hct 33%
and 60% for Hct 48%). A total of six method validations have been described using the VAMS
sample collection method for analyte quantification in whole blood [8-13], where four of
these tested the effect of Hct on analyte recovery. All four studies found a lower recovery for
higher Hct levels [8,11-13], which has been explained by the larger amount of erythrocytes
entrapping the analyte in the pores of the VAMS device tip, obstructing analyte extraction
[12]. The higher positive bias in lower Hct levels was also observed in our study.

In this VAMS method, accuracy and precision were acceptable in an extended Hct
range of Hct 20-50%, compared to Hct 20-35% for conventional DBS sampling. The acceptable
15% bias in quantification was only just exceeded for the QCL level at Hct 10%, which even in
the case of VL is an extreme that is rarely observed in clinical practice. Recently it was found
that adding a sonication step to the sample pre-treatment could possibly improve the Hct-
dependent recovery bias [13].If a wider range of Hct values is expected in clinical practice than
20-50%, the addition of a sonication step in the pre-treatment method could be evaluated for
its effect on recovery from the VAMS device.

30%

20%+

Sampling method
10%4 — VAMS
—-DBS
Concentration level
W VAMS QCL (25.4 ng/mL)
A VAMS QCH (3,800 ng/mL)
[0 DBS QCL (24.2 ng/mL)
/\ DBS QCH (1,610 ng/mL)

0%+

Hct bias (%)

-10%+

-20%+

10% 20% 30% 40% 50%

Het (%)

Figure 4. Hct effect on accuracies of the VAMS sampling method versus conventional DBS (on Whatman 903 filter paper)
sampling, depicted as bias of analyzed compared to nominal miltefosine concentration. Dotted line depicts the DBS sampling
method, solid line depicts the VAMS sampling method. Open symbols depict the DBS sampling method, closed symbols
depict the VAMS sampling method. Squared symbols depict the QCL concentration level, triangle symbols depict the QCH
concentration level (though at different concentrations between sampling methods).

Practical considerations
The advantage of the VAMS sampling method over other controlled volumetric methods -
such as the use of capillaries to apply blood to DBS cards - is its ease of use in the clinic. This is

85



86

Chapter 2.2

of special importance in the remote VL endemic areas without appropriate laboratory set-up.
The trend towards a decrease in stability within one month storage at room temperature
and 37°C is an issue of concern. There were no long-term stability issues with miltefosine in
conventional DBS up to five months [2]. Long-term stability of the dried VAMS sample (>7
days) was only assessed in three studies, of which two encountered problems with long-term
stability [8,10], but one did not [12]. For the applicability of this method in clinical practice in
VL endemic areas, longer stability times are required and these should therefore be evaluated
before application in the clinic.

A clinical evaluation of this method is scheduled to evaluate the VAMS sampling
method as an appropriate alternative for conventional DBS sampling. While a correlation of
the Hct value on miltefosine quantification could be observed in the bioanalytical validation
of the conventional DBS method, no obvious or systematic effect of Hct could be observed
in its clinical validation. This indicates that many other factors (also including blood spot
volume and blood spot homogeneity in the case of DBS sampling) influence miltefosine
quantification in DBS in clinical practice. Additionally, while this new sampling method is
easy to use in a clinical setting, the method is more prone to misuse such as double-dipping
or insufficient absorption. Clinical evaluation of the VAMS method will thus be required to
investigate whether the variability in miltefosine quantification in dried blood is improved in
clinical practice in comparison to DBS sampling.

One disadvantage of the VAMS sampling method is the relatively high costs in
comparison to DBS Whatman-903 cards. As a Whatman-903 protein saver card fits five
samples, one VAMS sample is approximately five times more expensive than a conventional
DBS sample. Especially in resource-poor settings, this is an important consideration for the
applicability of this sampling method and cost-effectiveness should be evaluated.

CONCLUSION

The novel and simple volumetric absorptive micro-sampling (VAMS) device, was evaluated for
its applicability in quantitative miltefosine bioanalysis. Though the preparation of calibration
standards and quality control samples is more time-consuming than for conventional DBS, the
pre-treatment method is fast and simple with reproducible recovery. The analytical method
showed a good performance in terms of linearity (R? > 0.9955), accuracy (bias within £10.8%)
and precision (CV% <11.9%).

In this bicanalytical validation, the VAMS collection process effectively diminished the
effect of Hct on miltefosine quantification compared to conventional DBS sampling, however,
a reversed Hct bias was introduced with this sampling method. In addition to the decreased
Hct impact, this method eliminated additional variabilities due to blood spot volume and
blood spot homogeneity. In conclusion, the bioanalytical method validation with the VAMS
sampling technique showed a better performance compared to conventional DBS sampling.
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SUPPLEMENTARY MATERIAL
LC-MS/MS SETTINGS
Data acquisition system

Software: Analyst
Supplier: AB Sciex

Supplementary table 1. HPLC parameters

Autosampler tray temperature 4°C

Typical injection volume 5uL

Syringe size 100 pL

Draw / Eject Speed 200 pL/min
Needle level 0.0 mm

Flush Solvent 100% methanol
Pre-Inject Wash Time 5 sec in flush port
Column Temperature 25+5°C

Min. Pressure 50 psi

Max. Pressure 3,500 psi

Supplementary table 2. LC gradient

Mobile Phase B 10 mM ammoniumhydroxide in 95% methanol

Type of elution Isocratic

Table Time (min) B% Flow Rate (uL/min)
0.0 100 300

Run time 4.5 100 300

Supplementary table 3. Valco diverter settings

Time (min) Position
0.0 A
1.5 B
4.0 A
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Supplementary table 4. API3000 operating parameters

Acquisition time (min)

Source position

Scan Type
Polarity
lon Source

Resolution Q1

Resolution Q3

45

lon spray vertical adjustment: +7
lon spray horizontal adjustment: -5
MRM

Positive

Turbo Spray

Unit

Unit

Nebulizer gas pressure

Turbo gas flow

Curtain gas pressure

Collision gas pressure

lon spray voltage (ISV):
Temperature (TEM)

Dwell time

Miltefosine monitored ions (amu)

Miltefosine-D4 monitored ions (amu)

11 (arbitrary units)
7 L/min

9 (arbitrary units)
6 (arbitrary units)
4,500V

400°C

450 msec

4084 — 1249
41261 —1292

Declustering Potential (DP)
Focusing Potential (FP)

Collision Energy (CE)

Collision Cell Exit Potential (CXP)

Entrance Potential (EP)

71V 71V
290V 290V
43V 43V
22V 22V
12V 12V
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ABSTRACT

Phagocytes, the physiological compartment in which Leishmania parasites reside, are the main
site of action of the drug miltefosine, but the intracellular pharmacokinetics of miltefosine
remain unexplored. We developed a bioanalytical method to quantify miltefosine in human
peripheral blood mononuclear cells (PBMCs), expanding from an existing high performance
liquid chromatography-tandem mass spectrometry method for the quantification of
miltefosine in plasma. The method introduced deuterated miltefosine as an internal standard.
Miltefosine was extracted from PBMC pellets by addition of 62.5% methanol. Supernatant
was collected, evaporated and reconstituted in plasma. Chromatographic separation was
performed on a reversed phase C18 column and detection with a triple-quadrupole mass
spectrometer. Miltefosine was quantified using plasma calibration standards ranging from 4
to 1,000 ng/mL. This method was validated with respect to its PBMC matrix effect, selectivity,
recovery and stability. No matrix effect could be observed from the PBMC content (ranging
from 0.17 to 26.3x10° PBMCs) reconstituted in plasma, as quality control samples were within
3.0% of the nominal concentration (precision less than 7.7%). At the lower limit of quantitation
of 4 ng/mL plasma, corresponding to 0.12 ng/10° PBMCs in a typical clinical sample, measured
concentrations were within 8.6% of the nominal value. Recovery showed to be reproducible
as adding additional pre-treatment steps did not increase the recovery with more than 9%.
This method was successfully applied to measure intracellular miltefosine concentrations in
PBMC samples from six cutaneous leishmaniasis patients up to one month post-treatment.
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INTRODUCTION

The Leishmania parasite, causative agent of the neglected infectious disease leishmaniasis,
resides and replicates within human phagocytes. These cells are therefore the main site of
action of the antileishmanial drug miltefosine [1], however, the intracellular pharmacokinetics
of the drug are currently unknown. Miltefosine is transported into cells both by passive
incorporation in the cellular membranes (non-saturable from 20 to 200 uM/8.2 to 82 ug/mL)
and by active carrier-mediated cellular transport (saturable at 50 uM/20.4 ug/mL) [2,3]. In
Dutch cutaneous leishmaniasis (CL) patients, the average steady-state plasma concentration
reached only in the last week of treatment during a standard 28-day miltefosine regimen,
was 30.8 pg/mL [4]. Within the treatment period, the contribution of the active (saturable)
transport is thus substantial and the relative contribution of both transport mechanisms on
the intracellular miltefosine accumulation in vivo is expected to vary during treatment. The
saturability of the active transport could result in substantial between-subject variability in
intracellular miltefosine concentrations.

Residenttissue macrophages are the host cells forintracellular Leishmania survival and
replication. Thus, intracellular drug quantification is pivotal to provide a better understanding
of the drug disposition within the physiological compartment in which the parasites reside.
Intracellular miltefosine concentrations better represent the drug concentrations to which
the parasites are exposed and will probably relate more accurately to Leishmania drug
susceptibility and pharmacokinetic/pharmacodynamic relationships than plasma drug
concentrations.

We have previously validated an LC/MS-MS assay to measure miltefosine in plasma
[5]. Here we expand this method to intracellular measurements. In this assay peripheral
blood mononuclear cells (PBMCs) were used as a model to assess intracellular miltefosine
accumulation within human leukocytes. The sample pre-treatment was modified and a partial
validation was executed. This assay was evaluated using PBMC samples from six Colombian
CL patients treated with a miltefosine monotherapy.

METHODS

Chemicals and reagents

Miltefosine and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich
(Zwijndrecht, the Netherlands), and deuterated miltefosine (miltefosine-D4, Figure 1) from
Alsachim (Illkirch Graffenstaden, France). Acetonitrile, methanol and H,O were obtained from
Biosolve Ltd. (Valkenswaard, the Netherlands), ammonia 25%, triethylamine and acetic acid
99.8% from Merck (Amsterdam, the Netherlands) and Ficoll from GE Healthcare (Hoevelaken,
the Netherlands). Blank Na-EDTA plasma was obtained from Bioreclamations (Baltimore, US).

Clinical sample collection, PBMC isolation and partial pre-treatment

Heparin-treated blood samples (10 mL for adults, 3 mL for children) were taken from CL
patients (“Clinical application’, p. 96 and centrifuged 10 min at 800 x g at room temperature.
All plasma was transferred and stored at —80°C, while the remaining blood sample was
diluted 1:4 in PBS and placed over a Ficoll gradient at a 1:5 Ficoll-to-blood ratio. Samples were
centrifuged 15 min at 400 x g at room temperature and the mononuclear leukocyte layer
was isolated. Subsequently the cells were washed two times with 10 mL PBS, resuspended
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in 1 mL PBS and counted on a haemocytometer. Samples were centrifuged at 800 x g, the
supernatant was removed, and the PBMC pellet stored at —80°C. Plasma and PBMC pellets
were transported on dry ice to the bioanalytical laboratory and stored at —20°C until analysis.

The cell pellet was resuspended in 120 ulL PBS, after which the cells were lysed by
adding 200 pL methanol yielding a total volume of 320 uL 62.5% methanol-PBS (v/v). The
sample was vortexed and centrifuged for 5 min at 20,000 x g. The supernatant, referred to as
the “PBMC lysate”was transferred to a 1.5 mL tube. Depending on the expected concentration,
the PBMC lysate volume transferred varied between 50 ulL (expected concentration above
upper limit of quantitation, ULOQ) and 280 uL (expected concentration close to lower limit of
quantitation, LLOQ). Finally, the PBMC lysate was evaporated under a gentle stream of nitrogen
and reconstituted in 250 plL of blank Na-EDTA human plasma. These so-called “reconstituted
PBMC samples” were handled as normal plasma samples (“Plasma sample preparation and
LC-MS/MS analysis’, p. 95).

Preparation of plasma calibration standards and internal standard solution
Calibration standards were prepared in plasma. A stock solution of T mg/mL miltefosine was
prepared in methanol-water (1:1, v/v). Calibration standard working solutions were further
diluted from this stock solution with methanol—water (1:1, v/v) to final concentrations of 0.08,
02,04,1,2,4,8,16 and 20 ug/mL.

Calibration standards were freshly prepared before each run by spiking 570 plL of
blank Na-EDTA human plasma with 30 pL of working solution, yielding calibration standards
of 4, 10, 20, 50, 100, 200, 400, 800 and 1,000 ng/mL. Two 250 L aliquots were prepared per
calibration standard and processed for each analytical run.

An internal standard working solution was prepared by dilution of a stock solution of
1 mg/mL deuterated miltefosine (miltefosine-D4) in methanol-water (1:1, v/v) to 4,000 ng/mL
with methanol-water (1:1, v/v).
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Figure 1. Structural formulas of miltefosine (I) and the internal standard miltefosine-D4 (ll), indicating the m/z fragments.
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Preparation of PBMC quality control samples

A separate stock solution of 1 mg/mL miltefosine in methanol-water (1:1, v/v) was prepared
from an independent weighing for the preparation of quality control (QC) samples. PBMC
QC working solutions were diluted from this stock solution with methanol-water (1:1, v/v) to
concentrations of 0.6, 15 and 37.5 pg/mL and an LLOQ working solution of 0.2 ug/mL.

To mimic the study samples, QC samples were prepared freshly by spiking 5 ulL of
working solution to 95 uL of blank PBMC lysate. To prepare blank PBMC lysate, blank PBMCs
were isolated from human leukocyte buffy coat (~50 mL, freshly derived from 500 mL whole
blood) purchased from Sanquin (Amsterdam, the Netherlands). 200 mL PBS was added to the
buffy coat, and 25 mL aliquots of this suspension were each carefully added to 12.5 mL of high
density centrifugation medium Ficoll. After a 20 min 550 x g centrifugation at 4°C (without
brake), the interface containing the PBMCs was transferred to a clean tube. Subsequently, the
PBMCs of each aliquot were washed with 35 mL PBS and centrifuged at 1500 x g for 5 min at
4°C (without brake). The supernatant was discarded and the pellet was resuspended in 300
uL PBS. All aliquots were pooled and a cell count was performed with a Cell Dyn Hematology
analyzer (Abbott Diagnostics, Lake Forest, IL, USA). After a 3000 x g centrifugation, PBS was
removed to adjust the PBMC concentration to approximately 200 x 10° cells per mL PBS, to
obtain reconstituted PBMC QC samples containing 7.1 x 10° cells, close to the mean found
in patient samples (“Clinical application’, p. 96). Depending on the final volume of blank
PBMCs in PBS, a volume of methanol was subsequently added to obtain PBMC lysate of 62.5%
methanol-PBS (v/v).

After spiking, the QCs were evaporated under a gentle stream of nitrogen and
reconstituted in 250 pL of blank Na-EDTA human plasma. The final miltefosine concentrations
of the reconstituted PBMC QCs were 12, 300 and 750 ng/mL (low; QCL, mid; QCM and high;
QCH respectively). Considering an average of 7.1 x 10°PBMCs in the reconstituted PBMC
samples, this would correspond to concentrations of 0.42, 11 and 26 ng/10° cells.

Plasma sample preparation and LC-MS/MS analysis

Reconstituted PBMC samples and plasma calibration standards were further prepared as
previously described [5] with slight modifications. First, 25 pL of miltefosine-D4 (4,000 ng/
mL) was added to each 250 L aliquot, except for double blanks to which 25 uL methanol-
water (1:1, v/v) was added. All samples were briefly vortexed and subsequently 700 pL of
acetic acid buffer (1 M, pH 4.5) was added. Samples were vortexed and centrifuged 5 min
at 23,100 x g at room temperature. The extraction of miltefosine was performed on Bond
Elut PH SPE cartridges (Agilent Technologies, Amstelveen, the Netherlands), which were first
conditioned with 1 mL acetonitrile and subsequently 1 mL acetic acid buffer (1 M, pH 4.5).
Afterwards, samples were loaded on the SPE cartridges and the cartridges were washed with
T mL methanol-water (1:1, v/v). The analyte was eluted with two times 750 ulL of 0.1% (v/v)
triethylamine in methanol. The eluate was transferred to a glass autosampler vial and 10 L
was injected on the analytical column.

The chromatographic separation and LC-MS/MS analysis was performed as described
previously [5], but the more sensitive API3000 triple-quadrupole mass spectrometer was used,
which was equipped with a turbo-ionspray source (AB Sciex, Framingham, MA, USA). Mass
spectrometer settings were optimized on the API3000. Miltefosine was monitored at a mass
transition of m/z 408.5 to 125.1 and miltefosine-D4 at m/z 412.6 to 129.2.
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Partial validation procedure for PBMC samples
Due to the fact that this method is an extension of an existing previously validated method
[5], a partial validation [6] was performed in which the following aspects were investigated.

Matrix effect of PBMC content

The amount of cells in PBMC pellets may vary from sample to sample due to physiological
variability in the number of circulating PBMCs and the volume of blood collected. Additionally,
PBMC lysate volumes transferred differ depending on the expected miltefosine concentration.
To investigate the potential effect of PBMC content in the plasma matrix on the miltefosine
quantification, blank PBMC samples in PBS were prepared containing different PBMC
concentrations to yield reconstituted PBMC samples with final PBMC counts of 0.17,4.0,6.8, 16
and 26 x 10° cells (a range covering the clinical samples received, “Clinical application’, p. 96).
The cells were lysed with methanol to obtain PBMC lysate of 62.5% methanol-PBS (v/v). The
blank PBMC lysate was spiked at the QCL and QCH level in triplicate to yield concentrations
of 12.2 and 761 ng/mL miltefosine in the reconstituted PBMC samples. A matrix effect was
considered when the measured analyte concentration was outside 85-115% of the nominal
concentration.

Selectivity
Double blanks and LLOQ samples (5 uL working solution + 95 plL blank PBMC lysate) were

prepared from blank PBMC lysate originating from six different individuals (six batches), to
check the specificity and selectivity of this method. For four out of six batches, the signal-to-
noise ratio of the LLOQ should be above 5 and the LLOQ samples should be within +20% of
the nominal concentration.

Recovery
One of the challenges in the determination of intracellular drug concentrations is that it

is not possible to truly mimic the uptake of the analyte by PBMCs, and therefore it is not
possible to quantitatively assess the absolute pre-treatment recovery of miltefosine from
PBMCs. Therefore we have investigated whether the relative recovery could be improved by
applying different methods to lyse PBMCs. Three patient samples were pre-treated with three
different methods: (a) the method described previously; (b) same as (a), plus 1 hour freeze
at -20°C; (c) same as (b), plus 30 min sonication. Additionally, microbead homogenization
was evaluated on eight other patient samples in which the PBMC pellets appeared to not be
homogeneously suspended.

If the additional yield due to an extra pre-treatment step was less than 15% for at
least two thirds of the samples, it was not included in the final pre-treatment method.

Stability in 62.5% methanol-PBS (v/v)

PBMC lysate stability was tested by spiking blank PBMC lysate at QCL and QCH levelin triplicate.
The samples were stored at —20°C for 15 days. Stability was considered acceptable when the
measured analyte concentration was within 85-115% of the nominal concentration.

Clinical application
PBMC and plasma samples were collected from January 2012 to October 2013 in an open
label non-randomized pharmacokinetic clinical trial of miltefosine in children and adults
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with CL. This study was approved and monitored by the institutional review board for ethical
conduct of research involving human subjects of the Centro Internacional de Entrenamiento e
Investigaciones Médicas (CIDEIM), in accordance with national (resolution 008430, Republica
de Colombia, Ministry of Health, 1993) and international (Declaration of Helsinki and
amendments, World Medical Association, Fortaleza, Brasil, October 2013) guidelines. Samples
were collected nominally on day 1, 15 and 28 of a 1.8-2.5 mg/kg/day 28-day miltefosine
regimen, and one, two, three and five months after treatment. Eleven patient samples were
used for the bioanalytical validation of the recovery within this method. Subsequently,
samples obtained from six patients in this study were included as a clinical validation to show
the robustness and applicability of the developed method.

As described previously, PBMC samples were reconstituted in 250 L plasma and
quantified using plasma calibration standards, therefore the measured concentrations are
in ng/mL plasma. These concentrations were corrected for the dilution factor (DF, Equation
1) and multiplied by 320/1,000 pL to calculate the total amount of miltefosine in the pellet m
(Equation 2). Subsequently, this value was converted to amount of miltefosine per 10° cells,
based on the sample cell counts (Equation 3). The mean number of PBMCs in the reconstituted (\]
PBMC sample for the six patients (total samples, n = 25) was 6.8 x 10° PBMCs, with a range from
0.72 to 23 x 10°PBMCs.

The intracellular miltefosine concentration was calculated by using an average
volume of 283 fl for a single peripheral blood mononuclear cell [7], equal to 0.000283 mL per
10° cells (Equation 4, in which “IC" stands for intracellular).

_ PBMC lysate transferred (L)
- 250 /L

Equation 1:  DF

ng ) B [MILT] measured(%) 320 ﬂl_

= DF "1000 pL

Equation 2: MILT( pellet

ng
i ng MlLT( pellet) .
Equation 3:  MILT T0°calls = iecls 10°cells
ceIIcount<pe”et)
ng
MILT<67>
Equation 4: [MILT].C(%)= = 10° cells —
3 —_—
10 (u_g>'0'000283(1os cells)

RESULTS & DISCUSSION

Matrix effect of PBMC content
Table 1 shows the matrix effect of the different PBMC amounts in the reconstituted PBMC
samples. The bias was within 3.0% of the nominal concentration and the coefficient of
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Table 1. Matrix effect of different amounts of PBMCs in reconstituted PBMC sample (n=3).

Nominal concentration 12.2 ng/mL Nominal concentration 761 ng/mL
Amount of PBMCsin  Mean calculated Mean calculated
reconstituted PBMC  concentration Precision  Bias concentration Precision  Bias
sample (x10°) (ng/mL) (%CV) (%) (ng/mL) (%CV) (%)
0.17 12.1 30 -0.8 738 1.2 -30
40 12.1 24 -1 756 43 -0.6
6.8 126 6.8 3.0 749 35 -1.6
16 121 4.5 -0.5 763 3.2 02
26 125 7.7 2.7 755 0.6 -0.7

variation (CV%) within 7.7%. It can be concluded that the PBMC counts expected in clinical
practice do not influence the accuracy of the method and that there was no additional matrix
effect due to the PBMC content.

Selectivity
A peak with the same retention time and mass transition as miltefosine was observed
both in plasma and reconstituted PBMC double blanks (reconstituted in the same plasma),
possibly due to a memory effect. The memory effect was constant over the run and did
not decrease in intensity as for the 20 plasma double blanks injected within one run, the
memory peak remained at an average signal of 22% of the LLOQ. This memory effect was not
observed in the previously validated method [5], but this could possibly be explained by the
increased sensitivity as a result of a change in the mass spectrometer. The memory effect was
independent of the injected sample and no additional effect was measured after injecting the
ULOQ. Reconstitution solvents were tested and found not to be contaminated. For 5 out of the
6 tested batches of PBMCs, the interference in the blanks was an average of 23% of the LLOQ
and was thus comparable to the interference found in the plasma of the reconstituted PBMC
sample. The interference was constant over the run and therefore the calibration standards
corrected for this. The accuracies of the LLOQ samples were within 94.1% and 108.6% of the
nominal concentration and were therefore found to be acceptable. Because the six PBMC
batches each contained different cell amounts, the highest of the six (8.5 x 10°cells in the
reconstituted PBMC sample) was taken as a reference to calculate an LLOQ of 0.12 ng per
million cells. It should be mentioned that the LLOQ is dependent on the amount of PBMCs in
the reconstituted PBMC sample, as the LLOQ (expressed per million cells) decreases with an
increase of the amount of cells isolated. Figure 2 shows representative chromatograms of a
double blank, LLOQ and QCL sample.

It could be argued that because the memory peak in double blanks is higher than
20% of the LLOQ the selectivity is not sufficient, as the signal to noise ratio is below 5. However,
because the miltefosine signal in double blanks is stable between different batches of plasma
and PBMC matrices, and because the LLOQ is still measured precisely and accurately, the
selectivity of the assay was considered acceptable.

Recovery
The addition of a freezing or sonication step did not yield an increase in intracellular
miltefosine recovery of more than 5%. The increase in miltefosine recovery due to microbead
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Figure 2. Representative ion chromatograms of the 1) double blank; 2) LLOQ (4 ng/mL) and 3) QCL (12.2 ng/mL). The left panel
(A) shows the miltefosine ion chromatogram and the right panel (B) the internal standard miltefosine-D4 ion chromatograms.

homogenization was less than 9% for seven out of eight patient samples. It was concluded
that the method had an acceptable reproducibility regarding the release of miltefosine from
PBMCs and therefore these extra steps were not added to the pre-treatment method.

Stability in 62.5% methanol-PBS (v/v)

QCs spiked in PBMC blank lysate were stable for at least 15 days at —20°C. The mean measured
concentrations were 99.2% and 98.6% of the nominal concentration for QCL and QCH
respectively, with acceptable variation (<3.2%).

Clinical application
Plasma concentration-time curves and corresponding intracellular concentration-time curves
for six CL patients are presented in Figure 3. The intracellular miltefosine kinetic profile is similar
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tothe kinetic profile of miltefosine plasma concentrations. This is particularly clear for patient 1,
who showed a decline in miltefosine concentration between day 14 and day 28 of treatment
which is apparent for both plasma and intracellular concentrations. Intracellular miltefosine
concentrations were measurable up to one month post-treatment, and for patient 3 even up
to two months post-treatment due to the high number of PBMCs isolated. Interestingly, end-
of-treatment intracellular miltefosine concentrations were higher than the plasma miltefosine
concentrations, indicating that an accumulation of miltefosine takes place in PBMCs.

CONCLUSION & FUTURE PERSPECTIVE

A pre-treatment method, additional to a previously validated method for quantitation of
miltefosine in plasma, was successfully developed and validated to measure miltefosine
concentrations in isolated PBMCs. The method showed to be reproducible and selective, and
the LLOQ was sufficient to quantify intracellular miltefosine concentrations in patient samples
up to one month post-treatment. The LLOQ of this assay was 0.12 ng miltefosine per million
cells, based on 8.5 x 10° cells in the reconstituted PBMC sample. To allow for quantification
of miltefosine for a longer period after treatment, the LLOQ could be further decreased by
augmenting the number of isolated PBMCs per sample or by using more sensitive mass
spectrometry equipment.

An initial exploration of intracellular miltefosine concentrations in samples from
CL patients showed similar kinetic profiles in intracellular and plasma concentrations, and
suggests drug accumulation in PBMCs. Since miltefosine is used in the treatment of infection
with the intracellular Leishmania parasite, intracellular pharmacokinetic data can enrich
our understanding of the exposure-response relationship of this drug. The here presented
bioanalytical method can be applied to further establish this relationship.
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SYNOPSIS

OBJECTIVES: Leishmania parasites reside within macrophages and the direct target of
antileishmanial drugs is therefore inside these cells. We aimed to characterize intracellular
miltefosine kinetics by developing a population pharmacokinetic (PK) model simultaneously
describing plasma and intracellular pharmacokinetics in cutaneous leishmaniasis patients.
Furthermore, we explored exposure-response relationships and simulated an allometric
dosing regimen.

PATIENTS AND METHODS: The population PK model was developed with NONMEM,
using a dataset including 338 plasma and 194 peripheral blood mononuclear cell (PBMC)
observations from Colombian cutaneous leishmaniasis patients - 29 children aged 2-12y
and 22 adults - receiving 1.8-2.5 mg/kg/day miltefosine for 28 days. Exposure-response
relationships were explored with a logistic regression in R.

RESULTS: A three-compartment model with intracellular miltefosine accumulation within
the central compartment best fitted the data. Intracellular miltefosine distribution was
described with an intracellular to plasma concentration ratio of 2.17 (relative standard error,
RSE 4.9%) and intracellular distribution rate constant of 1.23 day" (RSE 14%). In exploring
exposure-response relationships, both plasma and intracellular model-based exposure
estimates significantly influenced probability of cure. A proposed PK target for the plasma
area under the concentration-time curve from day 0-28 of >535 pg-day/mL corresponded to
>95% probability of cure. In linear dosing simulations, 18.3% of children compared to 2.8% of
adults failed to reach 535 pg-day/mL. In children, this percentage decreased to 1.8% after an
allometric dosing regimen simulation.

CONCLUSIONS: A miltefosine population PK model was developed describing a delayed
intracellular accumulation from plasma into PBMCs. Miltefosine exposure was significantly
related to probability of cure in these cutaneous leishmaniasis patients. The proposed
exploratory PK target should be validated in a larger cohort study.
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INTRODUCTION

Leishmania are protozoan parasites that cause the tropical disease leishmaniasis, which can
result in diverse clinical manifestations, such as systemic infection (visceral leishmaniasis) or
the skin lesions of cutaneous leishmaniasis. The parasites primarily reside and replicate in
macrophages during infection of humans or other mammalian hosts. Although the direct
target of antileishmanial drugs is inside macrophages, the intracellular pharmacokinetics of
these drugs was never characterized until it was recently described for miltefosine [1].

Miltefosine is currently the only registered oral drug for treatment of leishmaniasis.
Several hypotheses exist for the mechanisms of action of miltefosine, including disturbance
of lipid-dependent cell signaling and induction of mitochondrial dysfunction and apoptosis,
which require macrophage membrane sequestering or cell entry of miltefosine [2].

A large portion (57%) of total miltefosine has been found to be sequestered in
the Caco-2 cell membrane after in vitro incubation, while a small portion was transported
across the membrane (7%) [3]. Sequestered miltefosine in the outer membrane leaflet was
transported towards the inner leaflet by both passive and active transport mechanisms in the
clinically observed range of miltefosine plasma concentrations [3,4]. Inter-individual variability
in saturation of the active inward translocation of miltefosine could potentially result in
between-subject variability in the intracellular exposure of parasites to this drug.

Miltefosine pharmacokinetics has until recently only been described in plasma, in
both cutaneous and visceral leishmaniasis patients [5-7]. Children with visceral leishmaniasis
were found to be underexposed to miltefosine in comparison to adults when treated with
the conventional linear 28-day 2.5 mg/kg daily dosing regimen. Furthermore, a relationship
between miltefosine exposure and probability of final treatment cure was established in
visceral leishmaniasis [7]. An allometric dosing regimen based on fat free mass (FFM) was
proposed to increase miltefosine exposure in children to adult levels, in order to increase the
probability of cure [6].

A pharmacokinetic (PK) clinical trial was conducted to compare the pharmacokinetics
of miltefosine in pediatric and adult cutaneous leishmaniasis patients in Colombia, the results
of which have recently been published [1]. The non-compartmental PK analysis (NCA) in
this report contains the first description of intracellular miltefosine exposure in peripheral
blood mononuclear cells (PBMCs). Intracellular miltefosine steady-state concentrations were
found to be around two-fold higher than plasma concentrations, which could be clinically
relevant with regard to miltefosine’s intracellular mode of action. Lower miltefosine exposure
in pediatric compared to adult patients was confirmed, both in plasma and intracellularly, but
no exposure-response relation could be discerned [1].

The objective of the present study was to develop a population PK model with the
data of the aforementioned study [1], describing the kinetics of intracellular accumulation
of miltefosine in PBMCs by simultaneous modelling of plasma and intracellular miltefosine
concentrations. Using a non-linear mixed effects modelling approach, miltefosine exposure
can be more accurately described than with NCA, particularly with the sparse sampling
scheme achievable in young children as was employed in this study [8]. Additionally, we
explored the exposure-response relationship between plasma and intracellular exposure and
treatment outcome, and we simulated an allometric dosing regimen in both children and
adults using the developed population PK model.
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METHODS

Study population, PK sampling and bioanalysis

Data for this model based analysis originated from an open-label clinical trial investigating the
pharmacokinetics of a 28-day 1.8-2.5 mg/kg daily miltefosine monotherapy for the treatment
of cutaneous leishmaniasis patients (registered as NCT01462500). The non-compartmental
PK data, toxicity and treatment outcome have been published previously [1]. Ethical approval
was obtained from the institutional ethical review board of the Centro Internacional de
Entrenamiento e Investigaciones Médicas (CIDEIM) and the Colombian National Institute
for Food and Drug Safety (INVIMA). Written informed consent, and ascent in the case of
children >7 years of age, was obtained from each patient. Sixty patients (thirty adults and
thirty children) were treated in two outpatient clinical facilities in CIDEIM Cali and Tumaco,
Colombia [1]. Cure was defined as complete re-epithelization and absence of inflammatory
signs for all lesions at the end of a six month follow-up period.

Plasma and mononuclear cell samples were obtained from heparin anticoagulated
peripheral blood collected pre-dose after 1, 14 and 28 days of treatment, and during the
six month follow-up period on day 60, 90, 120 and 210 after start of treatment. Samples
were transported and stored at -20°C until analysis. Analysis was performed with liquid
chromatography-tandem mass spectrometry (LC-MS/MS) [1,9,10]. Intracellular concentrations
were calculated as described previously using the PBMC cell count and average cell volume
[9,11].

PK samples were only available for 59 patients. Seven patients were excluded from
the population PK analysis due to potential non-adherence based on their PK profiles (>40%
decrease in miltefosine concentration during treatment) [1]. One additional patient was
excluded due to missing dosing data, bringing the total of patients included in the population
PK model to 51. Of these, two patients were lost to follow-up. As treatment outcome could
not be evaluated for these patients, data from 49 patients were included in the exposure-
response exploratory analysis.

Population PK analysis

Data management was performed in R (version 3.1.2) and Excel (Office 2007). Non-linear
mixed effects modeling was performed with NONMEM (version 7.3) using a first-order
conditional estimation procedure with interaction between inter-individual variability and
residual error components. Pirana (version 2.8.1) was used in model building as an interface
between NONMEM, Perl-speaks-NONMEM (PsN, version 3.4.2), R, and the R-package Xpose
(version 4.5.3) to evaluate model performance.

Minimization of the objective function value (OFV, minus twice the log likelihood)
was used as a basic evaluation method to guide the selection of a structural, stochastic
and covariate model (selection criteria AOFV >3.84, p<0.05). Goodness of fit and predictive
performance of the models were evaluated by graphical methods and visual predictive check
(VPC) based on 1,000 simulated replicates, respectively. A bootstrap (1,000 samples) was
performed to assess precision and reliability of the final parameter estimates. Shrinkage of
empirical Bayes estimates and residual error components were evaluated in all models.

Structural model
Population PK models were first evaluated using miltefosine plasma data only to identify the
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best structural model. A previously developed open two-compartment model with first-order
absorption and linear elimination from the central compartment was taken as reference model
from which further structural models were developed [5,6]. Subsequently, PBMC PK data were
added to the dataset and various parameterizations were evaluated to link intracellular to
plasma data.

The primary PK parameters estimated were clearances (elimination clearance
or inter-compartmental clearance) and volumes of distribution (V). Both clearance and V
were expressed relative to bioavailability, since the absolute bioavailability of miltefosine is
unknown. Due to limited sampling per dosing interval, the absorption rate (k ) was fixed at 9.6
day™, based on previously reported values [7].

Stochastic model

Between-subject variability (BSV) in PK parameters was estimated with an exponential model.
Residual variability was modeled with separate proportional errors for plasma and intracellular
data, since more variability and error is expected in PBMC compared to plasma separation.

Covariate model
Covariate selection was done using forward inclusion and backward elimination with the
final structural PK model, with selection criteria of AOFV >3.84 (p<0.05) and >6.64 (p<0.01),
respectively. Body weight and FFM were evaluated as covariates onV and clearance. Clearance
and V were scaled to a standard weight of 70 kg or FFM of 53 kg to make results comparable
to previously published studies [6,7]. An allometric power function was used with a power of
0.75 for clearance and 1 for V (representing linear scaling), based on a previously published
population PK model [6].

FFM was initially calculated as described in Equation 1 where HT is height (in meters),
WT is weight (in kg), WHS__ is 42.92 or 37.99 kg/m” and WHS,  is 30.93 or 35.98 kg/m” for
males and females, respectively [12].

Equation 1:  FFM = WHS,. - HT (WHSSD-HT2+WT

Due to the large proportion of pediatric patients in this study, the previously described age
maturation component in FFM calculation was used (Equations 2 and 3) [13], estimating FFM
with a sigmoid hyperbolic function asymptoting towards the predicted adult FFM described
in Equation 1, with age and gender as additional covariates.

1-0.88 9,270 - WT
Fquation 2:  FFM(males) =|0.88 + AGE \™7| ||+ ( .WT)
[1+<13_4) ] 6,680 + (216 4t

1-1.11 9,270 - WT
Equation 3:  FFM (females) ={1.11 + AGE 117 ]|+ <244 M)
+(W) 8,780+ HTZ

—

™M

1
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Model-based estimates of exposure and exploring exposure-response
relationships
Model based estimates of the area under the concentration-time curve (AUC) were calculated
for each individual included in the population PK model by integrating the area under the
individual model-based predicted miltefosine concentrations over time until end of day 28 of
treatment (AUC_ ) and infinity (AUC, ), both in plasma (AUC, ) and intracellularly in PBMCs
(AUC,). Of the 51 patients included, Leishmania strains were isolated for 37 patients, of which
89% corresponded to L.V. panamensis. Therefore, a previously reported typical in vitro IC_ of
10.6 uM (equivalent to 4.3 ug/mL) [14] for L.V. panamensis was used to calculate time>IC, (total
time the individual model-based predicted miltefosine concentration was above IC, , in days)
and the AUC>IC, | (integration of area under individual model-based predicted concentration
above IC, in ug-day/mL), for both plasma and intracellular concentrations.

The exposure-response relationships based on model-based estimates were explored
with a logistic regression analysis in R. The logistic regression analysis was performed on a
binary outcome (0=failure, 1=cure) as described in Equation 4 for AUC, . (in pg-day/mL) as
an example exposure variable. \ is the log odds of cure for the i individual, A, represents the
baseline log odds of cure and 6, describes the drug effect on the log odds.

Equation 4: A\ = Ab + (91 . (AUCPL,O-DZS,i)

Subsequently, A was converted to probability of cure for the i*" individual (p) with Equation 5.

Equation 5:  p; = T+o

Additional independent covariates available (baseline lesion size, lesion duration before
treatment, number of lesions, sex, ethnicity and age) were evaluated as additional predictor
variable next to the exposure variable, as described in Equation 6 with 6, describing the effect
of the covariate (COV) on the log odds of cure for the i individual.

Equation 6: A=At0.: (AUCei0-028,1) + 0, (Cov)

Previously determined individual susceptibility data of the isolated strains [1] were also
evaluated as a covariate in addition to drug effect as described in Equation 6. For 13/49
patients included in the exposure-response exploratory analysis, susceptibility data were
unavailable and thus the median value was imputed.

Simulations of allometric dosing regimen

Drug exposure after allometric dosing [6] was compared to conventional linear 2.5 mg/kg/
day dosing. PK curves were simulated (n=1,000) for patients with similar anthropometric
characteristics as the subjects in the original data set. The allometric dose was based on
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FFM as calculated with Equation 2 and 3 [13]. As an example, using these study participants
anthropometric characteristics, the allometric dose of subjects between 4 and 7 years old
would lie between 2.8-3.2 mg/kg/day, as opposed to the standard 2.5 mg/kg dose. The linear
2.5 mg/kg/day dosing regimen and allometric dosing regimen were both rounded to the
nearest 10 mg capsule, based on available formulations (10 or 50 mg).

RESULTS

Patient and sample inclusion in population PK model

Demographic characteristics of the 51 study participants included in the population PK
analysis are described in Table 1. All intracellular miltefosine concentrations on day 90 and
afterwards were excluded from PK analysis because for >80% of these samples miltefosine
concentrations were below the lower limit of quantitation (<LLOQ). One plasma concentration
was <LLOQ, and was therefore excluded. Two PBMC and two plasma samples were excluded
due to the high absolute conditionally weighted residuals (CWRES>4). Finally, concentration
data from 339 plasma and 194 PBMC samples were included in the population PK model.

Table 1. Demographics of patient population included in population PK model.

Parameter Adults Children All
Total no. of patients 22 29 51
Female patients [no. (%)] 12 (54.5) 12 (41.4) 24.(47.1)
Ethnicity
Afro-Colombian [no. (%)] 17(77.3) 21(724) 38 (74.5)
Mestizo [no. (%)] 5(22.7) 8(27.6) 13 (25.5)
Daily dose of miltefosine (mg/kg/day) 2.1(14-28) 23(20-25) 22(14-28)
Age (yr) 34 (21-51) 8(2-12) 19 (2-51)
Body weight (kg) 71.1(50.4-102) 26.5(12.6-45.9) 457 (12.6-102)
Height (cm) 165 (152-182) 126 (92-153) 143 (92-182)
Fat-free mass (kg)® 483 (33.7-70.9) 20.6 (10.5-30.1) 32,6 (10.5-70.9)
Patients with treatment failure [no. (%)] 0(0) 5(17.2) 5(9.8)

Treatment centers
Cali [no. (%)] 8(364) 8(27.6) 16 (31.4)
Tumaco [no. (%)] 14 (63.6) 21(724) 35(68.6)

All values are mean (range), unless indicated otherwise.
9As calculated in the final population PK model, with the maturation function

Population pharmacokinetics of plasma and intracellular miltefosine

Intracellular accumulation appeared not to be direct but delayed, since the median
intracellular:;plasma concentration ratio increased from 1.2 after 1 day of treatment, to 2.9
after 28 days of treatment. The variability in observed intracellular concentrations was larger
compared to plasma: the relative standard deviation for day 28 intracellular concentrations
was 91%, compared to 33% for plasma. This can partially be explained by higher variability
in PBMC bioanalysis, but might also be indicative of larger variability in miltefosine uptake
between patients.
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Figure 1. Schematic representation of structural population pharmacokinetic model of miltefosine in cutaneous leishmaniasis
patients. V, represents the central volume of distribution.V, and V, represent the two peripheral compartments and Q ;and Q,,
their respective intercompartmental clearances. k , absorption rate; F, bioavailability; CL, clearance; k,, elimination rate constant;
k,, intracellular distribution rate constant; R , steady-state intracellular to plasma ratio.

A three-compartment model significantly improved the fit (AOFV -232) compared to
the previously developed two-compartment model [6,7], as the latter over predicted
concentrations on day 28 and 120. The model that described the intracellular data best, was
found to be an intracellular accumulation within the central compartment without mass
transfer to the intracellular compartment. This distribution was described by a steady-state
intracellular to plasma ratio (R .,) plus intracellular distribution rate constant between plasma
and intracellular compartment (kM) (Figure 1, Equation 7, where A represents the amount
of drug in the intracellular compartment, A the amount of drug in the central compartment
and V. the volume of distribution of the central compartment).

Fquation 7:  dAc _ <( i) )
quati dt Kp-ic Rice V. Ac

Final parameter estimates are presented in Table 2. The R, was found to be 2.17 (95% Cl:
1.98-2.39), indicating an approximately two-fold higher intracellular miltefosine concentration
compared to plasma. The delayed distribution was described with the k, . of 1.23 (95% Cl: 0.94-
1.58) day. The mean of the individual estimates of Res and kP,‘C were comparable between
adults and children (Repwas23 and 2.2; and kP—\c was 1.2 and 1.3, respectively).

Allometric scaling of V_and clearance by FFM significantly improved the fit compared
to scaling by total body weight (AOFV -12). Inclusion of the maturation component in FFM
calculation also improved the model significantly (AOFV -7.5). Other evaluated covariates did
not improve the model significantly.

The VPC of the final population PK model showed good predictive performance

of the model compared to the observations (Figure 2). Standard goodness-of-fit plots
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Table 2. Parameter estimates of final population pharmacokinetic model.

Parameter Unit Population [95% ClI]© BSV [95% CI]¢ Shrinkage
estimate (%RSE®) (%RSEP) (%)

Absorption rate constant (k) day’ 9.6% - N.E.

Clearance (CL/F)? L/day 462 (2.8) 4.38-4.88 152(114)  11.7-185 2.1

Volume of central compartment (V,/F)* L 285(3.3) 267-303  11.0(194) 6.1-147 325

Intercompartmental clearance central L/day 042(17.8) 0.29-059  NE

volume

- peripheral compartment 1 (Q,,/F)

Volume peripheral compartment 1 (V,/F) L 3.85(12.9) 297-493  NE
Intercompartmental clearance central L/day 0.0274 (6.4) 0.0241- N.E.
volume 0.0311

- peripheral compartment 2 (Q,/F)

Volume peripheral compartment 2 (V./F) L 2.02(4.9) 1.85-2.23 N.E.

Intracellular distribution rate constant day’ 1.23(13.5) 0.94-1.58  450(31.6) 1.7-65.3 273
(ko)

Steady-state intracellular to plasma - 2.17(4.9) 198-239  286(15.1) 198366 112
ratio R .,)

Proportional residual error plasma % 16.3 (6.3) 144-184 9.8
Proportional residual error intracellular % 293 (6.2) 25.8-329 177

BSV=between-subject-variability. N.E. = not estimated.

Estimates are provided for patient with a fat-free mass of 53 kg

RSE% was calculated as the standard error

€95% confidence intervals were calculated by the percentile method from bootstrap (n=1,000)
9Due to absence of sampling in absorption phase, fixed to previously established value of 9.6
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Figure 2. Visual predictive check of the final population pharmacokinetic model for plasma miltefosine concentrations (left) and
miltefosine concentrations intracellular in peripheral blood mononuclear cells (right). Open circles represent individual observa-
tions and solid/dashed lines show the median and 5%/95" percentile of the observed data. Dark/light-grey shading indicate 95%
confidence intervals of predicted data median and 5"/95'h percentile.
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(Supplementary Figure 1 and 2) indicated no obvious deviations, except for a slight over
prediction of the highest plasma concentrations after inclusion of intracellular data in the
final PK model.

Using the final population parameter estimates, the plasma elimination half-lives were
calculated to be 3.5 days, 7.6 days and a terminal elimination half-life of 51 days. Secondary
PK parameters related to exposure were calculated from individual exposure estimates of the
51 patients in the final model and are described in Table 3. Plasma and intracellular exposure
variables were significantly higher for adults compared to children.

Table 3. Secondary pharmacokinetic parameters calculated from individual exposure estimates of 51 patients
included in the final population pharmacokinetic model.

Exposure parameter Adults (mean+SD) Children (mean+SD)

C et (/ML) 34.1+6.8 22.5+3.8 4.16e-08*"
C i (H9/mL) 79.9422.2 47.8+17.3 1.56e-07°"
AUG, 4 15 (Hg-day/mL) 7894102 545464 211e-11°"
AUC e (Hg-day/mL) 1,707+374 1,169+379 4.82e-06°"
AUC, .. (ug-day/mL) 1,056+164 688+94 1.21e-10*"
AUC,.. (ug-day/mL) 2,405+635 1,533+517 4.10e-07°"
AUC>IC, ., .. (g-day/mL) 822+146 481485 4.75e-112"
AUC>IC,, , _ (ug-day/mL) 2,126+608 1,282+496 4.68e-07°"
Time>IC, , , _ (day) 43+4 37+2 5.07e-08""
Time>IC,, ., _(day) 5246 44+4 6.35e-06%"

C,...= miltefosine concentration on the last treatment day, AUC=area under the concentration-time curve, PL=plasma, IC=intracellular,

/f;{]:ha/f maximal inhibitory concentration. **p<0.001
Welch two-sample t-test

*Wilcoxon rank sum test

“Two-sample t-test

Exploration of exposure-response relationship
Of the 49 patients included in the exposure-response analysis, five pediatric patients
presented with treatment failure. Exploration of the contribution of individual exposure
variables to treatment outcome, indicated a significant influence of all exposure values on
probability of cure (Table 4). As an example, each 10 ug-day/mL increase in AUC, .. resulted
in an increased odds ratio for cure of 1.64 (95%Cl 1.18-3.09, A, = -23.6). Probability of failure
(calculated with Equation 4 and 5) increased from 0.06% to 22.6% for a decrease in AUC,, .
from the median value of 623 ug-day/mL to 500 ug-day/mL. Based on this analysis, the
AUC,, ;0,5 Should exceed 535 pg-day/mL to reach a >95% probability of cure. The AUC, ..
of all adults in our analysis exceeded this potential PK target, but 12/28 children (43%) did not
attain this value. Probability of clinical cure as a function of the AUC, .. is depicted in Figure
3. The wide confidence intervals reflect the small number of patients that failed treatment.
Drug susceptibility of the clinical isolate, baseline lesion size, number of lesions, time
of lesion duration prior to treatment, age and gender were not significantly associated with
log odds of cure in addition to miltefosine exposure.
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Table 4. Logistic regression analysis of exposure variables affecting the probability of
clinical cure after miltefosine monotherapy in cutaneous leishmaniasis patients.

Exposure variable

Odds ratio

95%(Cl

Likelihood ratio

significance

C et (PET HG/ML) 1.46 1.12-218 p<0.01
C o (PET pg/mL) 1.06 1.00-1.14 p<0.05
AUC, o5 (Per 10 pg-day/mL) 1.64 1.18-3.09 p<0.001
AUC 1, (per 10 pg-day/ml) 1.04 1.01-1.09 p<0.05
AUC, ;.. (per 10 ug-day/mL) 1.32 1.09-193 p<0.001
AUC,, . (per 10 ug-day/mL) 1.03 1.01-1.08 p<0.01
AUC>IC, . (per 10 pg-day/mL) 1.46 1.13-236 p<0.001
AUC>IC, . (per 10 ug-day/mL) 1.04 1.01-1.08 p<0.01
Time>IC, . , _ (per day) 2.05 1.23-491 p<0.01
Time>IC,, .. (per day) 1.26 1.01-1.70 p<0.05

AUC=area under the concentration-time curve, PL=plasma, IC=intracellular, IC_=half maximal inhibitory
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Figure 3. Probability of clinical cure by miltefosine monotherapy as a function of the plasma area under the
concentration-time curve up to the end of treatment (AUC,  .,.). The solid line represents the predicted probability
of cure for the patients in this trial with the logistic model, and the dotted lines indicate the 95% confidence
interval. The histograms represent the observations and are indicating the number of patients (frequency) in
the corresponding AUC, intervals that either cure (top of graph) or fail (bottom of graph) after miltefosine
monotherapy.
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Simulation of allometric dosing

AUC, ., Values following simulations of the linear and allometric dosing regimens are
provided in Table 5. Allometric dosing of miltefosine resulted in similar exposure levels
between children and adults in this patient cohort. Simulating allometric dosing, the fraction
of children not attaining the proposed AUC, , ., threshold of 535 pg-day/mL corresponding
to a >95% probability of cure, was only 1.8%, compared to 18.3% after simulating a linear 2.5

mg/kg dose.

Table 5. Comparison of miltefosine exposure levels following simulation of different dosing regimens.

Dosing regimen Age category AUC, , ,,s(mean % under the 95% probability
(95%Cl) of cure exposure treshold®
Linear dosing Child (<12y) 629 (437-858) 18.3%
Adults (=18y) 751(529-1,013) 2.8%
Allometric dosing Child (<12y) 708 (545-903) 1.8%
Adults (>18y) 693 (521-883) 3.5%

Exposure to miltefosine as AUC (area under the concentration curve) in plasma (PL) from zero to day 28 (AUC,, .

simulated for Colombian cutaneous leishmaniasis patients with the final population PK model after linear and allometric
dosing, for both adults and children.
9535 ug-day/mL AUC,

PLO-D28

DISCUSSION

We report a population PK model characterizing the pharmacokinetics of miltefosine in
plasma and PBMCs and describe the population pharmacokinetics of miltefosine in adults
and children with cutaneous leishmaniasis.

The observed plasma and intracellular miltefosine concentrations were well
described and predicted by the final model. The V_was smaller than previously documented
(285 L versus 38.5-40.1 L), due to the inclusion of a second peripheral compartment [5-7].
The two peripheral compartments were required to accurately describe the observed multi-
phasic elimination phase. Tri-phasic elimination has never been observed previously for
miltefosine [5], but was most probably an artefact of denser sampling in the first three months
after treatment in the current study.

Implementation of the intracellular distribution rate constant (kpflc) was required to
characterize the delay in intracellular accumulation of miltefosine. In Caco-2 cells, only 6.8% of
miltefosine was transported across cells after a 3 h incubation, while 57% accumulated in the
membranes, from which intracellular release was slow (5% in 24 h) [3]. Inward translocation
of miltefosine within the cellular membrane was found in vitro to be partially dependent on
active saturable transport [3,4]. These sequential processes could hypothetically explain the
delay in intracellular miltefosine accumulation, potentially leading to variability in intracellular
accumulation between patients.

Compared to the previously reported model-based AUC, .. estimate of
approximately 500 ug-day/mL for Indian pediatric visceral leishmaniasis patients [6], the
AUC,, o, estimate for pediatric patients in this study was 9% higher (545 ug-day/mL). Large
differences between these two patient populations in miltefosine PK characteristics such as
metabolism and distribution are therefore not expected, though these could theoretically
have been anticipated because of differences in clinical presentation (amongst others:
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altered liver physiology, low albumin levels and malnutrition in visceral but not cutaneous
leishmaniasis).

Although the clinical trial from which the current data originated was not powered
to evaluate efficacy, our results might provide a potential miltefosine exposure target in the
treatment of cutaneous leishmaniasis. In contrast to a previous multivariate analysis using NCA
PK estimates [1], population PK model-based estimates of plasma and intracellular miltefosine
exposure were significantly associated with probability of cure, of which AUC, | ., was further
evaluated. Differences in results between these methodologies could be caused by the sparse
sampling scheme of the trial, implemented to decrease invasiveness for the pediatric study
participants. The NCA PK estimates from the previous analysis were therefore substantially
underestimating the AUC, .. (e.g.for children 456100 ug-day/mL compared to the 545+64
ug-day/mL model based estimate).

In this study, both plasma and intracellular miltefosine exposure were significantly
related to probability of cure, which would be expected given their high correlation. In future
clinical studies, intracellular exposure could potentially be predicted from plasma PK using
the here developed population PK model. It might be valuable to relate intracellular PK to
individual IC,,, (or IC,) values from clinical parasite isolates to calculate individual time>IC_
and AUC>IC,  exposure variables. Exploration of these intracellular PK-PD variables could aid
in understanding the contribution of Leishmania drug susceptibility to individual therapeutic
outcome.

As IC,, values were not available for the study participants, the in vitro IC_ for LV.
panamensis (4.3 ug/ml) was used [14]. Miltefosine susceptibility of the isolated strains from
study participants varied widely, with individual miltefosine susceptibility scores (% reduction
in parasite load after in vitro exposure to 16 uM miltefosine) between 12 and 98% [1]. Using
the median IC, to calculate time>IC,, and AUC>IC , could therefore be arguable. We
performed a sensitivity analysis of the exposure-response analysis with IC,  values up to 10
pg/mL (25 uM). This miltefosine concentration was achieved in all study participants and no
profound differences in significance of the exposure-response relationship were found [data
not shown]. Furthermore, we aimed to capture the variability in susceptibility of strains by
including the individual miltefosine susceptibility scores (% reduction in parasite load after in
vitro exposure to 16 uM miltefosine [15]) as a covariate effect on probability of cure in addition
to drug exposure. No additional effect on probability of cure was identified, possibly due to
the small sample size and missing susceptibility data for two out of the five patients who
failed treatment.

Lastly, model-based simulations showed that an allometric dose regimen would
result in a higher probability of reaching the proposed AUC, .. threshold of 535 ug-day/
mL for children. The safety of this allometric regimen is currently being evaluated in East
Africa (NCT02431143) and Bangladesh (NCT02193022). Differences in simulated (82%, Table
4) versus observed target attainment (57%) in children after conventional dosing could be
explained by the lower administered daily dose of 2.3 mg/kg (Table 1, range 2.0-2.5 mg/
kg) compared to simulated 2.5 mg/kg [1]. Furthermore, the 90-100% range adherence to
treatment for patients in this study [1] could also have contributed to lower target attainment
compared to the full 100% compliance simulated.
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CONCLUSION

We developed a population PK model, which in addition to plasma miltefosine
pharmacokinetics also describes the intracellular kinetics in PBMCs, characterizing miltefosine
exposure in a compartment that can be regarded a closer approximation of miltefosine’s in
vivo target site of action. In the future, the model can be used for the prediction of individual
intracellular concentration data, which can subsequently be related to individual Leishmania
drug susceptibility to identify the impact of susceptibility and exposure on therapeutic
outcome. In the here presented exploratory exposure-response analysis, both plasma and
intracellular miltefosine exposure parameters were significantly associated with probability of
cure. A 535 pg/mL AUC, .. threshold could be proposed from our analysis as a potential PK
target, but its validity should be evaluated in a larger cohort of patients.
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Supplementary figure 1. Basic goodness of fit plot for plasma miltefosine concentrations. Observed concentrations versus
population predicted concentrations, observed concentrations versus individual predicted concentrations, conditional
weighted residuals versus population predicted concentrations and conditional weighted residuals versus time. The solid black
line represents the line of identity or unity and the grey line is the locally weighted least square regression line to indicate trends.
CWRES: conditionally weighted residuals.
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Supplementary figure 2. Basic goodness of fit plot for intracellular miltefosine concentrations. Observed concentrations
versus population predicted concentrations, observed concentrations versus individual predicted concentrations, conditional
weighted residuals versus population predicted concentrations and conditional weighted residuals versus time. The solid black
line represents the line of identity or unity and the grey line is the locally weighted least square regression line to indicate trends.
CWRES: conditionally weighted residuals.






Chapter 3.2

Miltefosine exposure after a novel
allometric dosing regimen in paediatric
visceral leishmaniasis patients in Kenya
and Uganda

A.E.Kip

L. Were

A. Solomos
F. Alves

R. Kimutai
JHM. Schellens
J.H. Beijnen
M. Wasunna
R.Juma

J. Mbui
J.Olobo
TPC. Dorlo

Interim analysis




126

Chapter 3.2

ABSTRACT

Conventional 2.5 mg/kg daily dosing of the oral drug miltefosine has demonstrated lower
efficacy in paediatric compared to adult visceral leishmaniasis (VL) patients, most probably
due to significantly lower drug exposure in children. To assess whether drug exposure in
children could be increased, an open-label clinical trial was conducted in Kenya and Uganda
evaluating the pharmacokinetics (PK) of allometric miltefosine dosing.

Thirty paediatric VL patients between 4 and 12 years old received a miltefosine
dose between 2.7 and 3.9 mg/kg daily for 28 days, depending on their estimated fat-free
mass. Miltefosine plasma concentrations were analyzed by liquid chromatography-tandem
mass spectrometry. A population PK model was developed using non-linear mixed effects
modelling. Observed miltefosine exposure after allometric dosing was compared to historic
observations after conventional 2.5 mg/kg daily dosing in paediatric patients and simulations
based on these data.

More rapid accumulation was observed after allometric dosing compared to
observations after conventional dosing in paediatric patients (Cday75.88 versus 2.67 pg/ml,
p=0.07, Mann Whitney U-test). End of treatment concentrations, however, were comparable
between the two dosing regimens (20.9 versus 19.5 ug/mL), most probably due to a plateau
in miltefosine accumulation in the third treatment week of allometric dosing, observed in 37%
of patients. Miltefosine PK was best described by a two-compartmental model with a 62%
decreased relative bioavailability at start of treatment. Variability (CV%) in end of treatment
concentrations was lower after allometric (16.3%) compared to conventional dosing (35.5%),
resulting in a four-fold decrease in the proportion of patients failing to attain the 17.9 ug/mL
threshold previously associated with probability of cure (7% versus 29%.

Higher target attainment in combination with a 12% higher area under the
concentration-time curve (AUC, ) might have contributed to the observed higher efficacy of
allometric compared to conventional dosing. For future dose optimization, the initial decrease
in relative bioavailability and the observed plateau in miltefosine accumulation in a subset
of patients should be investigated, as these PK non-linearities negatively affect miltefosine
exposure,
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INTRODUCTION

Visceral leishmaniasis (VL) is a devastating tropical disease, especially affecting the paediatric
population: more than half of the global burden of VL is amongst children under the age of 15
[1,2]. Several studies have shown a lower efficacy of miltefosine in the treatment of paediatric
VL patients. Ina phase IV trial in India and Nepal, 6.4% of children versus 3.4% of adults showed
therapeutic failure when treated with a standard mg/kg miltefosine treatment [3]. Children
under the age of 12 had a significantly higher risk of relapse in Nepal, with an incidence risk
ratio of 2.43 [4]. Similarly, in India and Nepal, relapses were two to three times more common
in VL patients under the age of 15, compared to patients over 25 years old [5]. The disparity
between adult and paediatric cure rates was even more profound in East Africa: in Kenya and
Sudan the VL cure rate of miltefosine monotherapy was only 59% (95% confidence interval, Cl:
36% - 79%) in children under the age of 12, compared to 86% (95% Cl: 68% - 96%) in patients
of 12 years or older [6].

Miltefosine exposure has been shown to be significantly associated with treatment
outcome in VL [7,8]. In Nepal, the length of time the miltefosine plasma concentration
was above 10 times the half maximal effective concentration of miltefosine (10xEC,,) was
significantly associated with treatment success [7]. In East Africa, the length of time above EC,,
was found to affect the time to relapse of disease [8].

Conventionally, children and adults are treated with the same linear 2.5 mg/kg daily
dose. After administration of this conventional mg/kg dose, children were found to be under
exposed compared to adults [7,9,10]. A recent study confirmed significant underexposure
in children in an East African VL patient population, with a 33% lower area under the
concentration-time curve (AUC) compared to adults after receiving the conventional dosing
regimen [6,8]. A previously developed population PK model, based on conventional dosing
data, showed that fat-free mass (FFM) was a significant covariate allometrically scaled on
clearance (CL) and volume of distribution (V) [9]. Simulations with an allometric dosing
schedule, administering a relatively higher mg/kg dose to patients with lower FFM, predicted
that children would reach adult exposure levels [9].

An open-label clinical trial has been conducted to evaluate the pharmacokinetics
(PK), as well as the safety, of the proposed allometric miltefosine dosing regimen for the
treatment of paediatric VL patients in Uganda and Kenya. This report contains the population
PK analysis of the PK data collected in this clinical trial, with the specific aim of characterizing
and describing the observed PK and to compare it to results from the conventional dosing
study [6,8]. Finally, we aimed to assess possible explanations for the differences observed and
explore the link to treatment outcomes.

METHODS

Study population

Thirty paediatric VL patients aged 4 to 12 years were included in this clinical trial at two clinical
sites in areas endemic for VL: Kacheliba in Kenya and Amudat in Uganda. Ethical approval
was obtained from national and local ethics committees in Kenya (Kenya Medical Research
Institute, Nairobi) and Uganda (Makerere University, Kampala) prior to the start of the trial.
Parents/guardians of the patients were informed of the study in their own language and
provided written informed consent before any enrolment procedures were initiated. The
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study was registered with ClinicalTrials.gov with the identifier NCT02431143.

Patients received a daily allometric miltefosine dose of between 2.7-3.9 mg/kg for 28
days. The dosing schedule is displayed in Table 1 and is based on FFM estimation based on
weight and height, as described previously [11]. FFM was calculated as described in Equation
1, where HT is height (in meters), WT is weight (in kg), WHS__ is 42.92 or 37.99 kg/m’ and
WHS, is 30.93 or 35.98 kg/m? for males and females, respectively [11].

WT >

1 . = . 2,
Equation 1:  FFM = WHS,.c - HT (WHSSO~ HTZ + WT

The allometric dose is subsequently calculated as described in Equation 2, with the estimated
FFM of the individual (FFM), based on the standard dose (Dose_ ) of 150 mg and the standard
fat-free mass (FFM_ ) of 53 kg. An allometric power component (PWR) of 0.75 is used. The
allometric dose was rounded to the nearest 10 mg capsule, as smaller quantities are not
available.

©\PWR
Equation 2:  DOS€aiometic = DOS€4q - ( FFFFI\|>I/I(‘d )

Patients were hospitalized in the health centres for the entire treatment and miltefosine intake
was monitored. Patients returned to the clinical sites for follow-up at one and six months after
the end of treatment. The clinical outcomes of this study will be reported elsewhere.

Sample collection and analysis

Plasma samples were collected pre-treatment, 8 hours after the first dose, pre-dose on
days 7, 14, 21 and 28 of treatment and during the follow-up visits at one and six months
after treatment. Samples were stored at -20°C and transported, frozen, to the bioanalytical
laboratory in Amsterdam, where they were stored at -20°C until further analysis. The samples
were analysed for their miltefosine concentration using liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS), as validated previously, with a lower limit of
quantitation (LLOQ) of 4 ng/mL [12].

Observed miltefosine exposure after allometric dosing versus conventional dosing
PK data from the paediatric population (age <12 years old) from the aforementioned
conventional dosing study in East Africa [6,8] were used to compare exposure in conventional
and allometric miltefosine dosing regimens.

Comparing observed with predicted miltefosine exposure after allometric dosing
The observed PK profiles in this clinical trial after administration of the allometric miltefosine
dose, were compared to simulations using a population PK model previously developed based
on data from both adult and paediatric East African VL patients receiving the conventional 2.5
mag/kg linear dose [6,8]. The parameter estimates of this population PK model were fixed while
a visual predictive check (VPC) was run with NONMEM using dosing and covariate records
from the paediatric patients of the allometric dosing clinical trial described here. The VPC
(n=1,000) was visualized in R (version 3.1.2) with the “xpose4” R-package (version 4.5.3).
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Population PK model development
Plasma PK data were analysed in a population approach using non-linear mixed effects
modelling in NONMEM with first-order conditional estimation with interaction. The starting
point was a structural two-compartmental model with first-order absorption and elimination
to and from the central compartment as previously described for miltefosine [7-9,13]. As the
bioavailability of miltefosine is unknown, all disposition parameters are expressed relative to
bioavailability (e.g. CL/F, V/F). Both weight and FFM were evaluated as body size descriptors,
scaled linearly and allometrically to the power 0.75 and 1 for CL and V respectively, as previously
described [9]. FFM was calculated as described previously in Equation 1 [11].

Between-subject variability (BSV) was evaluated for all PK parameters and inclusion
was evaluated based on a drop in objective function value (OFV), clinical relevance and a
drop in residual error. BSV was described with an exponential model. The residual error was
described by a proportional error model, and inclusion of an additive error did not further
improve the fit.

Individual miltefosine exposure estimates were calculated by integrating the AUC
of the model-predicted individual concentration-time curves, from day 0 to end of treatment
(AUC,_ ) and from day O to day 365 (AUC_).

0-EOT

Model evaluation

Model evaluation was performed in multiple ways. For hierarchical models, model
development was driven by the drop in OFV, in which a significant decrease in OFV (dOFV) was
defined as -3.84 for p<0.05 and -6.63 for p<0.01, for one degree of freedom (x? distribution).
Basic goodness-of-fit plots were evaluated to assess the model fit as a population and for each
individual separately. A visual predictive check (1,000 simulated replicates) was performed to
assess the predictive performance of the final model. Model robustness was evaluated using
a bootstrap (1,000 samples).

Statistics
Data are represented as mean + SD, unless indicated otherwise. All statistical tests were
performed in R (version 3.1.2) with a Mann-Whitney U-test, unless indicated otherwise.

Software

Model estimation, evaluation and simulation was performed in NONMEM (version 7.3, ICON
Development Solutions, Ellicott City, MD, USA) with Pearl speaks NONMEM (PsN, version 4.2.0).
Pre-processing of data was performed in R (version 3.1.2), as was graphical representation
with the R package ‘ggplot2’ Visual predictive checks were plotted with the R package ‘Xpose’
(version 4.5.3). PiraRa (version 2.8.1) was used as an interface between NONMEM, PsN and R.

RESULTS

Demographics

The demographics of the patient population in this trial are described in Table 2. The patients
were between 4 and 12 years old and were all below 30 kg. The median daily allometric
miltefosine dose received was 3.2 mg/kg (range 2.7 to 3.9 mg/kg), and no doses were missed.
One patient experienced treatment failure at day 25 of treatment and received rescue
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Table 2. Demographics and treatment information for the study population.

Parameter

Total no. of patients 30

Female patients [no. (%)] 8(26.7)

Daily dose of miltefosine (mg/kg/day) 3.2(2.7-39)
Patients with unfinished regimen [no. (%)]° 1(33)

Age (yr) 7(4-12)

Body weight (kg) 21.8(13.0-29.5)
Height (cm) 125 (99.0-145)
Fat-free mass (kg)° 18.2 (10.8-24.3)
Patients with initial failure [no. (%)] 1(33)

Patients with relapse [no. (%)] 2(6.7)

Treatment centers
Kacheliba, Kenya [no. (%)] 21(70.0)
Amudat, Uganda [no. (%)] 9(30.0)

Allvalues are given as median (range), unless stated otherwise.
“One patient received rescue treatment at day 25 and therefore did not finish the regimen.
bCalculated as previously described [11].

medication. Two patients relapsed during the follow-up period, on day 168 and day 206 after
start of treatment.

Observed miltefosine concentration-time profiles after allometric dosing

Excluding pre-treatment samples, which were all below the LLOQ, a total of 206 samples
were collected from 30 patients. Three samples were excluded from data interpretation, as
the analyzed miltefosine concentration indicated a steep (>70%) decrease during treatment,
which is physiologically improbable due to the accumulation of miltefosine during treatment
and its long terminal half-life [14]. Observed miltefosine plasma concentration-versus-time
profiles after allometric dosing are depicted in Figure 1, split per treatment center. It was
observed that levels of miltefosine in both patients experiencing treatment failure in the
Amudat treatment center were below that of patients that were cured.

Day 28 miltefosine concentrations, available for 27 patients, were slightly, but
significantly, lower in the Amudat treatment center (Amudat 19.1+1.31 vs Kacheliba 22.4+3.50
pg/mL, p=0.01816). There were no significant differences in end of treatment concentrations
between gender or age categories (4-6 years old versus 7-12 years old). Unexpectedly, for
37% of patients, the miltefosine concentration plateaued or even decreased between day 14
and day 21 (change in concentration between -19% and 10%), after which concentrations
increased >18% (range 18-58%) towards day 28.Representative concentration-time curves of a
patient with decreasing (patient 1) and with plateauing (patient 2) miltefosine concentrations
in the third week of treatment are depicted in Figure 2. Patients 3 and 4 in the same figure
show a concentration-time profile in line with previously reported miltefosine concentration-
time profiles [8,13].

Out of 203 observations, only two were <LLOQ (4 ng/mL). Both were incorporated
into the subsequent population PK analysis, one with a concentration of 2.8 ng/mL (above
detection limit) and one (below detection limit) with a concentration of LLOQ/2 (2 ng/mL).
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Amudat, Uganda Kacheliba, Kenya

30.00 -
20.00 A

10.00 +
5.00 1

1.001

0.10 4

Miltefosine concentration (ug/mL)

0.01+

0 20 40 60 0 20 40 60
Time (days)

Treatment outcome Cure —— Relapse -e - Initial treatment failure
Figure 1. Observed miltefosine concentration-time curves up to one month post treatment per patient, split per treatment

center. Light grey lines represent patients that were cured, black lines represent the patient that experienced initial treatment
failure (dashed line) and the patients that relapsed (solid line). The vertical black dotted line indicates end of treatment.

Patient 1 Patient 2

Patient 3 Patient 4

Miltefosine concentration (ug/mL)

Time (days)

Figure 2. Representative observed concentration-time curves of miltefosine in four patients (dashed line) and the associated
final model fit (solid line). Open circles represent the individual observations. The vertical dashed line is the end of treatment (day
28). Patients 1 and 2 show a decline and plateau respectively in their miltefosine concentration in the third week of treatment,
patients 3 and 4 do not.
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Descriptive pharmacokinetics comparison between allometric dosing and historic
conventional dosing data

Miltefosine concentrations from the current allometric study and historical concentration
data after conventional miltefosine dosing in paediatric patients [8] were compared. There are
other differences between these patient groups, since patients included in the conventional
dosing trial (n=21) were older at 10 (7-12) years, and heavier at 24 (16-34) kg. Furthermore, the
majority of patients in this trial were from Sudan [8].

A trend towards accumulation to a higher miltefosine concentration level in the first
week of treatment was observed for paediatric patients receiving allometric dosing with a
median day 7 concentration of 5.88 ug/mL (range 0.66-14.3 ug/mL) compared to 2.67 ug/mlL
(range 0.70-12.8) for paediatric patients receiving conventional dosing (p=0.07). However, end
of treatment concentrations were similar at 20.9+3.41 ug/mL for children receiving allometric
dosing compared to 19.5+6.93 pug/mL previously found after conventional dosing in children.
Variability (CV%) in the miltefosine end of treatment concentration was substantially lower
after allometric dosing (16.3%) compared to conventional dosing (35.5%).

Differences in age and weight in the paediatric population treated with either
allometric or conventional dosing were evaluated in relation to exposure, but no significant
differences or trends could be observed. For example, in the age category 7-9 years, end of
treatment concentrations were 22.5+7.0 ug/mL (n=8) after conventional dosing and 22.1+3.6
ug/mL (n=12) after allometric dosing.

Observed versus predicted miltefosine exposure after allometric dosing
Figure 3 shows a comparison of the observed and predicted miltefosine concentrations after
allometric dosing in this paediatric East African patient population. Up to day 14, observations
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Figure 3. Visual predictive check (n=1,000) of predicted miltefosine concentrations using fixed parameter estimates from a
previously developed PK model [8], using the dosing and covariate records from the patients in the allometric miltefosine dosing
trial. Open circles represent the observations, with the solid line as the median and striped lines as the 5th and 95th percentile
of observations. The dark grey area represents the 95% confidence interval (Cl) of the predicted median concentrations; the light
grey areas represent the 95% Cl of the 5th and 95th percentile of the predicted concentrations. Figure 3A shows observations
and predictions up to six months post treatment. Figure 3B only shows the observations and predictions during treatment, up
to day 28.
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were in line with the simulated miltefosine concentrations, with a slight under-prediction of
the day 7 median concentration. From day 21 onwards, the observed median miltefosine
concentration of 17.7 ug/mlL was 34% lower than the predicted 26.9 ug/mL. The median
observed end of treatment concentration was 20.9 ug/mL compared to the predicted 29.7
ug/mL. The observed 95% inter-percentile range of 16.9-27.8 ug/mL was smaller than the
predicted 10.6-58.7 ug/mL, indicating a decrease in variability of exposure.

Population PK modeling

A two-compartmental model was finally selected as structural model. Adding FFM as a
covariate on the central volume of distribution (V) and CL significantly improved the fit
(AOFV-9.7). The allometric power components were fixed at 0.75 for CL and 1 foer, based on
biological principles [15]. Estimating the allometric power component of CL and V, did not
result in a significant drop in OFV, nor did the estimated values differ substantially (0.768 and
0.936, respectively). The implementation of allometric scaling by FFM on the volume of the
peripheral compartment (V) further improved the model (AOFV-15.9).

The estimation of k was impeded by the very sparse sampling in the absorption
phase. With this structural base model, a physiologically improbable & of only 0.11 day
was estimated corresponding to an absorption half-life of 6.3 days, resulting in a structurally
overestimated day 7 concentration and underestimated day 14 concentration. A step-wise
decrease in bioavailability was introduced, as was previously observed [8], from 0 until the
day 7 sampling point, recovering to 100% relative bioavailability. This temporary difference
in bioavailability (AF) was estimated to be -61.9% (RSE 11.6%) and improved the model
significantly (AOFV -20.1). A linear piece-wise change in bioavailability was tested, but did
not improve the model significantly. Furthermore, time until recovery of bioavailability was
included as a parameter estimate, but led to over-parameterization.

Implementation of BSV on AF significantly improved the model (AOFV -65.5) and

Table 3. Parameter estimates of final population PK model.

Parameters Population 95% CI* % BSV Shrinkage Population
estimate [%RSE"] (%) estimates
[%RSE®] scaled to 53

kg FFM¢

Absorption rate constant (k ) 1.60 [25.6] 1.02-2.70 day! 994 [319] 17

Clearance (CL/F) 292 [3.46] 2.71-3.11 L/day 103 [33.6] 1 6.56

Volume of central 26.1[3.51] 243-279 L N/E - 769

compartment (V,/F)?

Intercompartmental clearance  0.0284 [17.2] 0.0234-0.0449 L/day N/E

(Q/F)

Volume peripheral 245[5.78] 2.22-2.79 L N/E - 7.21

compartment (V,/F)?

Change in bioavailability (AF) ~ -61.9[11.6] -72.7--443 % 93.3[19.7] 2

Proportional residual error 5.64 3.40-84 % N/E 17

N.E. = not estimated. BSV = between subject variability.

Estimates provided for patient with a fat-free mass of 18 kg.

bCalculated as: 100 x (standard deviation/mean value), based on 1,000 bootstrap samples.
€95% confidence intervals were calculated by the percentile method from bootstrap (n=1,000)
dScaled allometrically by FFM with allometric power components of 0.75 for CL.and 1 for V
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Figure 4. Basic goodness-of-fit plots of the final population model. The plots include observed versus individual model
predicted concentrations, observed versus population predicted concentrations, conditional weighted residuals (CWRES) versus
population predicted concentration, and CWRES versus time.

increased the k_ estimate to a more physiologically plausible level (1.6 day). To better capture
the variability observed in the absorption phase, BSV was implemented on k , significantly
improving the model fitin the first week of treatment (AOFV -32.3). BSV could not be estimated
forV, after the implementation of BSV on AF and k .

Basic goodness-of-fit plots are displayed in Figure 4 and final model parameter
estimates are provided in Table 3. The visual predictive check of the final model (Figure 5)
showed an acceptable prediction of the observed miltefosine concentrations after allometric
dosing, though variability was over-predicted for the last two weeks of treatment. Due to the
high BSV on AF, the predictive interval in the first week of treatment was relatively large in
comparison to later time points. The plateau or decline during the third week of treatment
was not well predicted by the model (patient 1 and 2 in Figure 2) and indicates unexpected
non-linearity.

The median AUC, ., and AUC__ based on individual model-based estimates were
367 pg-day/mL (range 268-503 pg-day/mL) and 610 ug-day/mL (range 396-782 ug-day/mL),
respectively. The median model-based C__ was 21.8 ug/mL (range 16.4 - 25.4 pug/mL).
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DISCUSSION

Thisstudyisthefirsttodescribe the PKofanallometric miltefosine dosing regimenina paediatric
patient population suffering from visceral leishmaniasis. Miltefosine plasma concentrations
accumulated faster after allometric dosing compared to historical data on conventional
dosing in paediatric patients, with an 120% higher median day 7 concentration of 5.88 versus
2.67 ug/mlL. Miltefosine also accumulated faster than predicted after administration of an
allometric dose, shown by the higher than predicted median day 7 concentration in Figure
3. The median AUC, _ of 610 ug-day/mL in patients treated with an allometric dose was 12%
higher than the 545 pg-day/mL previously observed in paediatric patients treated with a
conventional miltefosine dose [8], which could be attributed to the more rapid miltefosine
accumulation due to the higher dosing.

Considering the median 28% dose increase (median dose of 3.2 mg/kg compared to
the conventional dose of 2.5 mg/kg), exposure increase was not dose-proportional. The lower
than previously predicted miltefosine end of treatment concentration after allometric dosing
is probably due to the observed plateau or even decrease in miltefosine concentration during
the third week of treatment, present in 11/30 patients (37%). This is particularly visible in Figure
3, as observations were still in line with predictions up to day 14, but deviated from the third
week of treatment onwards. This non-linearity was not observed in a previous miltefosine PK
study in East Africa, although the day 21 sample was only available for adults [8].

No physiological explanation was found for this (temporary) halt in miltefosine
accumulation. There were no demographic differences between patients with and without
a plateau in miltefosine accumulation, nor were there any indications of sample stability
issues. One hypothesis evaluated concerned the influence of albumin, which is severely
lowered in VL patients, and could result in a higher fraction of unbound miltefosine in plasma,
leading to increased clearance of the drug. Rising albumin levels during clinical improvement
could cause increased protein-binding and subsequent increasing miltefosine plasma
concentrations. Albumin concentrations have been assessed in a subset of patients but did
not differ between patients with and without plateauing miltefosine accumulation. Other
possible explanations or correlations were evaluated — co-infections or co-medication during
treatment, haematological changes - but also could not explain the observed plateau in
miltefosine accumulation in a subset of patients. The patients' CRFs recorded full compliance;
non-compliance could therefore not be an explanation either. Changing patterns in type
and amount of food intake during the treatment and subsequent changes in bioavailability
could be an alternative hypothetical explanation, but data were not available to support this
hypothesis.

Interestingly, in addition to an overall increase in exposure, variability in exposure
and PK parameters between patients was low after the allometric dose regimen. The
variability in observed AUC, _ was much higher for patients treated with a conventional dose,
with a median (range) of 545 (314-1080) pg-day/mL, compared to the currently evaluated
allometric dose at 610 (396-782) ug-day/mL. Reducing the variability in exposure is particularly
important for those patients on the lower boundary of exposure, probably contributing to
the overall increase in efficacy. A saturable absorption process has previously been described
for miltefosine in vitro [16], potentially affecting bioavailability at higher gastrointestinal
miltefosine concentrations, which could lead to a decrease in variability of exposure. On the
other hand, saturable bioavailability could also lead to an increased variability as a result of
inter-patient differences.
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A two-compartment population PK model with decreased bioavailability up to
the day 7 sampling point best fitted the observed miltefosine concentrations. Due to the
relatively small range in weight and FFM of the included patients, different weight descriptions
for scaling did not greatly affect the fit. Comparing the PK parameters of the developed
population PK model with previously published values, CL was around 1.5- to 2-fold higher
for the patients in this trial (6.4 L/day, normalized to a patient with a FFM of 53 kg) compared
to previously published values of between 3.69 and 4.48 L/day [7-9,13]. Furthermore, the V, of
76 L was larger than previously described (38.5 L - 53.7 L [7-9,13]). These differences could be
an artefact of the extrapolation of parameters from this paediatric population (FFM 18 kg) to
a normalized 53 kg FFM.

The reduction in bioavailability of 61.9% was in line with a previous model-based
observation for conventional miltefosine dosing in East African VL patients, describing
a reduced bioavailability of 71% during the first seven days of treatment with miltefosine
monotherapy [8]. Malnutrition could potentially have an effect on bioavailability, as described
in more depth previously [8]. In this trial, an increase in food intake was observed after the first
week, coinciding with clinical improvement, possibly improving bioavailability. Furthermore,
it could be hypothesized that absorption of miltefosine from the gut is decreased due to
a disease effect, for example due to affected blood circulation in the gastrointestinal tract.
The most profound haematological improvements could be observed after the first week of
treatment - with a 55% increase in mean WBC count and 31% increase in mean haemoglobin
levels — indicating clinical improvement, which could potentially lead to recovered miltefosine
absorption. It is still unknown why the decreased relative bioavailability in the first treatment
week was only observed in East Africa, and not in other countries e.g. India or Nepal.

The step-wise change in bioavailability included in the model is a rather empirical
measure to describe this phenomenon, but due to limited sampling in the absorption phase
it was not possible to describe this non-linearity in a more physiologically plausible manner.
The estimated k_ of 1.60 day" is most likely an artefact of the extremely sparse sampling in the
absorption phase (one sample on the first day of treatment), and the corresponding absorption
half-life is improbably high. Most studies report a k_ of around 9.6 day' [7], but estimating k_
gave a better fit than fixing the k_to 9.6. More importantly, large differences were observed
between patients in the absorption and accumulation of miltefosine during the absorption
phase. This has been illustrated by the large improvements in model fit after introducing BSV
on the bioavailability decrease and k parameters. Various absorption models — such as transit
compartments and two parallel absorption processes with distinct absorption rates [17] —
were evaluated to better describe the accumulation to steady-state concentrations, but either
did not improve the model or were quickly over-parameterized due to the sparse sampling
schedule. Using prior information from the population PK model based on conventional
dosing [8] trough the prior subroutine in NONMEM, led to over-prediction of miltefosine
concentrations in the last week of treatment, as expected based on the simulations (Figure 3).

The model developed did not account for the unexpected non-linearity in the PK of
miltefosine, resulting in a halt in accumulation or even decline in miltefosine concentrations
in the third week of treatment, causing day 14 concentrations to be generally under- and
day 21 concentrations to be slightly over-predicted. There is no solid hypothesis to explain
the cessation in accumulation and this, in combination with the sparse sampling schedule,
prevented us from capturing this trend in the population PK model.

Efficacy improved to 90%, with a good safety profile, when treating paediatric VL
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patients with an allometric dose (manuscript in preparation), compared to an efficacy of 59%
in paediatric East African VL patients receiving a conventional 2.5 mg/kg miltefosine dose [6]. It
could be proposed that the increased AUC, _ contributed to the observed increase in efficacy.
This increase in AUC__ was mainly attributed to the higher accumulation within the first
two weeks of treatment (120% higher median day 7 concentration) at a time when parasite
biomass in patients is the highest, which may be critical to the eventual treatment response.
This is in line with observations in two out of three patients failing treatment. Both patients
displayed a lower miltefosine concentration in the first two weeks of treatment compared to
other patients (Figure 1).

The higher efficacy after allometric dosing could also potentially be the result of
the lower variability in exposure (CV% 16.3 vs 35.5% in end of treatment concentration) after
allometric miltefosine dosing, compared to observations after conventional dosing. Only 2
out of 30 patients (7%) failed to reach the 17.9 ug/mL PK target previously used in assessing
the probability of cure in Nepalese VL patients [9]. Conversely, in the paediatric population
of the conventional miltefosine dosing trial, 29% of patients failed to reach this 17.9 ug/mL
threshold (analysis with data from [8]).

CONCLUSION

In conclusion, allometric miltefosine dosing can be considered an improvement over the
conventional dosing regimen in paediatric VL patients, as shown by the higher total miltefosine
exposure and lower variability in exposure after allometric dosing. Both these aspects could
have potentially contributed to the higher efficacy of allometric compared to conventional
dosing in paediatric VL patients.

The decreased bioavailability in the first week of treatment, which was also previously
observed after conventional dosing, and the plateauing of miltefosine accumulation in the
third week of treatment, had a substantial and detrimental effect on miltefosine exposure.
Future research should focus on unraveling the causes of these observed non-linearities.
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ABSTRACT

Background. A lower miltefosine exposure in pediatric compared to adult visceral
leishmaniasis (VL) patients has previously been established after conventional 2.5 mg/kg
dosing. A 12 week allometric miltefosine dosing regimen has now been evaluated in pediatric
post-kala-azar dermal leishmaniasis (PKDL) patients in Bangladesh, in which children with a
lower fat-free mass (FFM) received a relatively higher mg/kg dose.

Methods. Fighty pediatric PKDL patients aged 4 to 17 years were treated 12 weeks with a
median daily miltefosine dose of 2.8 mg/kg (range 1.8-3.9 mg/kg). Dried blood spot samples
were collected pre-treatment, during treatment on day 14, 28 and 84 (last treatment day), and
1,3,6 and 9 months after the last treatment day. Miltefosine concentrations were determined
using a validated liquid-chromatography tandem-mass spectrometry method. The non-
compartmental pharmacokinetic analysis was performed in R. Regressions were performed
in R correlating exposure variables C__, AUC . and AUC_ . . with treatment outcome
parameters:incomplete lesion resolution at the end of the one-year follow-up period (logistic)
and lesion score decrease over time (linear). All results are reported as mean=SD.

Results. Miltefosine day 28 concentrations were 29.5+6.6 ug/mlL and remained steady
until day 84 (282484 ug/mL). Male patients, however, reached significantly higher day 84
concentrations than female patients (30.9+8.6 versus 26.0+7.7 ug/mL, p=0.0081, Welch two
sample t-test). The AUC, . of 573115 ug-day/mL was higher than previously reported after
conventional dosing in pediatric VL patients (~500 ug-day/mL). Baseline lesion score was a
significant predictor of incomplete lesion resolution at the end of follow-up (p= 0.00129), but
exposure variables such as AUC | were not. In an explorative analysis only selecting patients
with an above median lesion score, C__ was significantly correlated to lesion score decrease
between day 0 and 175 (decrease % = 8.88-2.1 8C,_ ., p=0.00589).

Conclusions. Miltefosine exposure was increased towards adult levels after allometric dosing
in paediatric PKDL patients. Significantly higher exposure levels in male compared to female
patients warrants further research in identifying the most appropriate body size descriptor in
determining the allometric miltefosine dose.
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INTRODUCTION

Post-kala-azar dermal leishmaniasis (PKDL) is a skin manifestation that can develop after
primary treatment of visceral leishmaniasis (VL). In Asia, 10-20% of patients develop PKDL
within three years after VL treatment [1]. The skin rash may be macular, papular, nodular or
mixed, but is macular in 90% of cases in Bangladesh [2].

A three-month treatment with oral miltefosine (<25 kg 50 mg daily, >25 kg 100 mg
daily) in Indian PKDL patients showed an acceptable cure rate >90% [3,4] at 12 month follow-
up. In a larger patient cohort of 57 Indian PKDL patients treated with a flat dose of 50 mg
miltefosine twice-daily for three months, efficacy was 89.5% with a follow-up of 18 months [5].
The pharmacokinetics (PK) of miltefosine has not been described previously in PKDL patients,
only inVL and CL (cutaneous leishmaniasis) patients. Disparities in miltefosine PK could occur
between PKDL and VL patients, as the altered liver physiology in VL could possibly affect
the metabolism or distribution of the drug. Miltefosine PKin PKDL patients compared to CL
patients could potentially differ due to factors related to malnutrition in PKDL patients, as a
decreased bioavailability during the first week of treatment in underweight East African VL
patients has been hypothesized to be attributable to malnutrition [6].

In previous pharmacokinetic studies, a lower miltefosine exposure in pediatric
compared to adult VL and CL patients has been established after conventional 2.5 mg/kg
dosing [7-9]. In VL, lower drug exposure has been associated with a lower probability of cure
and shorter time to relapse [6,8]. No exposure-response relationship has until now been
evaluated in PKDL treatment with miltefosine.

To increase miltefosine exposure in pediatric leishmaniasis patients, an allometric
dosing schedule has previously been proposed [7], in which patients with a lower fat-free
mass (FFM) receive a relatively higher daily mg/kg miltefosine dose. The safety and efficacy of
this dosing regimen was evaluated in a 12-week treatment period of pediatric PKDL patients
younger than 18 years old in Bangladesh. As part of this clinical trial, the PK of this allometric
dosing regimen was studied with the objectives to characterize miltefosine PK after allometric
dosing and to evaluate whether miltefosine exposure in children could be increased to adult
levels. Furthermore, the link between drug exposure and treatment response in PKDL was
explored.

METHODS

Study population and study set-up
Eighty paediatric PKDL patients in the age of 4 to 17 years old from the district of Mymensingh
in Bangladesh were included in this non-randomized single group study. The study protocol
was approved by the Research Review Committee and Ethical Review Committee (ERC)
of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B). Written
informed consent was obtained from all participants or their parents. The study was registered
as NCT02193022.

Children were treated with a daily allometric dose of miltefosine (Impavido, Paladin
Labs, Montréal, Canada) as reported previously (Supplementary table 1) [7] for a total of 12
weeks. Dosing schedules were distinct for male and female patients, caused by differences in
fat-free mass estimation [7,10]. The dose was based on weight and height on the first day of
treatmentand was kept constant during the 12-week treatment, regardless of potential weight
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gain during this period. To ensure full treatment compliance, direct observed treatment (DOT)
was conducted through study health workers, as described in the protocol [11].

Response to treatment was monitored at the end of treatment (day 84), and every
three months during the one year follow-up period after treatment by evaluating the skin
lesion score. The skin lesion score is a composite metric describing both the number of lesions
and the spread of lesions over the skin surface. Its calculation has been described elsewhere
[11]. The baseline lesion score describes the skin lesion score at start of treatment. Efficacy and
safety data will be reported elsewhere [11].

Sample collection and analysis

Miltefosine dried blood spot (DBS) samples were collected pre-treatment, on day 14, 28 and
84 of treatment, and one (day 114), three (day 175), six (day 267) and nine (day 365) months
after the end of treatment. Samples were collected approximately three hours post-dose
(range 1.5-4.5 h). Due to the extent of miltefosine accumulation at the first sampling time
point on day 14, this is expected to only marginally affect the between-patient comparison of
analysed concentrations. Samples were air-dried for at least three hours at room temperature
before storage in a zip-lock bag at room temperature. Transportation to and storage at the
bioanalytical laboratory in Amsterdam was at the same conditions.

The miltefosine concentrations were determined using liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS), as validated previously [12], with a lower
limit of quantitation (LLOQ) of 10 ng/mL. Miltefosine distributes approximately equally between
plasma and erythrocytes, and a median paired miltefosine DBS/plasma concentration ratio of
0.99 was reported [12]. Therefore miltefosine DBS concentrations were considered identical
to miltefosine plasma concentrations. Clinical validation of the DBS method (haematocrit
range 23-44%) showed that haematocrit correction was not required to calculate plasma
concentrations from analysed DBS concentrations [12]. As the average haematocrit in this
study (38%) was within this range, no haematocrit correction was applied.

Pharmacokinetic analysis
Data analysis was performed in R (version 3.3.1), using R package “ggplot2” for the graphical
presentation. A two-stage non-compartmental analysis was performed with the R package
“ncappc”. The area under the concentration-time curve (AUC) was calculated from day 0 to
365 (AUC, ...)- To compare the AUC values with previously reported one month miltefosine
treatments, the AUC was also calculated from day 0 to 28 (AUCoszs)- Coone equals the highest
analysed concentration, and can be regarded as the steady-state concentration.

Continuous data are represented as mean+standard deviation (SD), unless indicated
otherwise. In figures, data are presented using the nominal sampling time point.

Exposure-response relation
A logistic regression analysis was performed in R with the binary outcome “1"for patients with
unresolved lesions and“0"for patients with complete resolution of skin lesions, at the one year
follow-up time point. Baseline lesion score and exposure variables C__, AUC, . and AUC, . .
were evaluated in a univariate analysis. Furthermore, exposure variables were evaluated in
combination with baseline lesion score in a multivariate analysis.

Correlations between exposure variables and lesion score decrease over time were
evaluated with a linear regression in R. Baseline lesion score was also correlated with lesion
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score decrease over time in univariate analysis and in multivariate analysis combined with
exposure variables. Lesion score decrease over time was evaluated from baseline to day 175,
267 and 365 after the start of treatment.

RESULTS

Demographics and sample collection

Demographics of the study population are presented in Table 1. One patient dropped out
of the trial due to compliance issues. A total of 632 samples were collected from 79 patients.
Age and weight distributions were comparable between male and female patients. Female
patients received a lower daily dose of 2.6 mg/kg daily compared to males (3.2 mg/kg), as
proposed in the allometric dosing schedule in Supplementary table 1.

The baseline lesion score was 81 (range 2-545), without significant differences
between male and female patients. Response at end of treatment, expressed as median
(interquartile-range, IOR) percentage decrease in lesion score compared to baseline, was
-29.0% (-54.2 to -2.8%). Response to treatment at day 175 and day 267 was -69.2% (-81.0 to
-50.0%) respectively -84.6% (-98.5 to -74.6%). At the one year follow-up time point, 22 out of
79 patients had unresolved lesions, as indicated by a positive lesion score. Interestingly, 7/37
male patients (18.9%) still had unresolved lesions at one year follow-up, versus 15/42 (35.7%)
female patients.

Table 1. Demographics and treatment information of study population in pharmacokinetic analysis.

Parameter Total Male Female

Total no. of patients 79 37 43

Daily dose of miltefosine (mg/kg/day) 28(1.8-39 3.2(24-39) 26(1.8-39)
Age (yr) 10 (4-17) 10 (4-17) 10 (5-16)

Body weight (kg) 276 (14.0-62.2) 253 (14.0-55.2) 29.2 (14.8-62.2
Height (cm) 134 (95-168) 133 (95-168) 140 (95-158)
Fat-free mass (kg)® 23.1(10.8-46.8) 24.0(12.9-46.8) 224(10.8-38.8)
Lesion score baseline (day 0) 81 (2-545) 90 (3-483) 74 (2-545)
Lesion score end of treatment (day 84) 54 (0-530) 65 (2-355) 51 (0-530)
Lesion score at six month follow-up (day 267) 6 (0-400) 5(0-132) 8 (0-400)

Allvalues are given as median (range), unless stated otherwise.
“Calculated as described previously [10].

Concentration-time profiles of miltefosine after allometric dose
The majority of patients reached steady state concentrations within one month of treatment,
at a mean day 28 concentration of 29.6+6.7 ug/mL. Concentrations remained steady until
end of treatment at day 84 (29.3+7.4 ug/mL), though a concentration decrease was observed
in patients aged 13 to 17 years (31.1 to 288 ug/mL, p=0.195, paired t-test). Miltefosine
concentrations decreased 30-58% between day 28 and 84 for ten out of 79 patients. There
were no differences in day 84 concentration between age categories 4-9 years (30.0+8.5 ug/
mL, n=27), 10-12 years (29.0+6.7 ug/mL, n=31) and 13-17 years (28.8+6.9 ug/mL, n=21).
Figure 1 depicts the median miltefosine concentration time profiles for male and
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Figure 1. Concentration-time profile for male (n=37) and female (n=42) pediatric PKDL patients treated with 12 weeks allometric
miltefosine dose. Grey solid line represents the median observed miltefosine concentrations for male patients, the black striped
line the median observed miltefosine concentrations for female patients. Error bars represent the inter-quartile range (IQR). The
window in the right top corner represents the observations during treatment represented on an absolute y-axis as opposed to
the logarithmic y-axis of the overall plot.

female PKDL patients. Day 84 steady state concentrations were significantly higher for male
patients (32.0+7.1 ug/mL) than female patients (26.9+6.8, p=0.00519, Mann Whitney U-test).

Non-compartmental analysis

The mean AUC, .., and AUC . in this study were 2,662+520 and 571£113 pg-day/mL,
respectively. AUC ... and AUC, . were significantly higher for male (2,959+433 and 638+95
pg-day/mlL) compared to female patients (2,400+446 and 513494 pg-day/mL, p=54-107/
p=2.7-107, Mann Whitney U-test/two sample t-test). There were no profound differences
in exposure between age categories, as depicted in Figure 2 for AUC .. C ~ was 32.8+6.4
pg/mL and the miltefosine plasma elimination half-life was particularly long at 75.5+17.7
days.

Miltefosine exposure versus response

The C_ of 30.6+5.6 ug/mL was lower for patients with a positive lesion score at the one
year follow-up (n=22), than for patients with complete resolution of skin lesions (33.6+6.6
ug/mL, n=57), though this difference was not significant (p=0.06552, two-sample t-test). No
significant differences in AUC, .. or AUC_ . were observed.

Only baseline lesion score was significantly related to incomplete resolution of
lesions at the one year follow-up time point (likelihood ratio test p= 0.00129). The baseline
probability of incomplete resolution of lesions at the end of follow-up was 14%, with a 1.0051
odds ratio increase for each unit increase in baseline lesion score. This translates into a 20%
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Figure 2. The area under the concentration-time curve from day 0 to day 28 (AUC_ ) per age category and gender. Dots

indicate the individual calculated AUC_ ., the horizontal line indicates the median per age category for female versus male.

probability of incomplete lesion resolution at the end of follow-up at a median lesion score
of 81, but an >55% probability for patients with a lesion score >400 (10% of patients). When
adding exposure variables to baseline lesion score in a multivariate analysis, none of the
exposure variables was statistically significant.

In univariate linear regression analysis, exposure variables C  AUC _ and AUC___
were not significantly correlated with lesion score decrease, regardless of the time point
that lesion score decrease was determined (day 175, 267 or 365 after start of treatment).
Baseline lesion score, however, was significantly correlated with the lesion score decrease
from baseline to day 267 (-86.74+0.0422-baseline lesion score, p=0.0075, R*=0.09) and to day
365 (-95.6+0.0407-baseline lesion score, p=0.0004, R?=0.15). In multivariate analysis, exposure
variables were not statistically significant in addition to baseline lesion score.

Low lesion scores could have a deterministic effect in identifying a possible exposure-
response relation, as patients with less severity of the disease have a higher chance of curing
faster regardless of exposure reached. In a more explorative analysis, only patients with an
above median lesion score (>81) were selected and the linear regression was repeated.
Significant correlations were observed between C__ and the lesion score decrease at day
175(8.88-2.18C__,p=0.00589, R’=0.19, Figure 3), day 267 (-16.1-1.83-C__, p=0.00941, R*=0.17)
and day 365 (-40.9-1.34C__, p=0.0225, R’=0.13) compared to baseline, though with high
variability as indicated by the low R%. AUC__ . and AUC . . were less significant predictors
[data not shown].
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Figure 3. Miltefosine C__ as derived by non-compartmental analysis (NCA) versus lesion score decrease between start of tre-
atment and day 175 after start of treatment (%) in the subset of patients with baseline lesion scores above the median of 81.
Black dots indicate individual observations, the grey line represents the linear regression line (lesion score decrease (%) = 8.88-
2.18:C__)and the grey area the 95% confidence interval of the regression line.
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DISCUSSION

This is the first description of miltefosine PK in PKDL patients after allometric dosing. As this
is the first study reporting the PK of a 12-week miltefosine therapy as opposed to one month
regimens, the AUC . was used to compare results to previous miltefosine pharmacokinetic
studies. The mean AUC_ . of 573115 ug-day/mL was ~15% higher compared to the
approximately 500 ug-day/mL model based estimate after linear dosing in pediatric VL
patients [7]. This indicates that miltefosine exposure in pediatric patients was successfully
increased towards adult exposure levels, as previously predicted by simulations with a
population pharmacokinetic model based on linear dosing data [7]. The AUC . in this study
is calculated with an NCA analysis, probably underestimating the AUC during accumulation
due to the sparse sampling schedule. This implies that actual miltefosine exposure after
allometric dosing is probably even over 15% higher than after conventional dosing, for which
AUC values were calculated with model-based estimates.

After conventional 2.5 mg/kg dosing for 28 days, 90% of adult VL patients reached
an AUC, ., of 412 ug-day/mL, while this threshold was only reached by 71.4% of children
in that study [7]. In this allometric dosing study, 92% of children reached an AUC_ . of 412
ug-day/mL, which is in line with the previously predicted 97% [7]. Similarly, the C,...in100% of
children treated with an allometric miltefosine dose (in 96% of children on day 28) exceeded
18.8 ug/ml, opposed to 66.7% of children treated with linear miltefosine dosing [7].

Ten of 79 included patients showed a 30-58% decline in miltefosine concentrations
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between day 28 and 84. Non-compliance might have contributed to this decline, as achieving
compliance in a self-administered oral treatment over such extended periods of time is
challenging [13]. This hypothesis is strengthened by the observation that the decline was
mostly visible in the 13-17 adolescent age category, generally known to be less compliant
[13]. As the allometric dose administered remained constant during the 12-week treatment
despite possible weight gain, increase in body weight within the treatment period could be
hypothesized to contribute to a decrease in steady-state concentrations as a result of a higher
clearance. However, as the median weight gain (range) of these patients was only 5% (-1 to
14%), this probably did not substantially contribute to the observed concentration decrease.

Female patients receiving an allometric dose were significantly lower exposed to
miltefosine than male patients. Due to this disparity, 97.2% of male patients and 88.1% of
female patients in the here-described study reached the 412 pg-day/mL AUC, . threshold.
The difference in miltefosine exposure between male and female patients could potentially
be attributed to the FFM estimation method. The allometric dosing algorithm is based on
achieving similar steady-state concentrations between adults and children by scaling the
dose with the patient’s estimated FFM, as clearance was found to be allometrically scaled by
FFM [7]. FFM was calculated from weight and height as described previously, with different
formulas for male and female patients due to differences in body composition [10]. These
formulas are based on a semi-mechanistic equation to predict FFM in a population of 373
Australians in an age range of 18-82 years and weight range of 41-217 kg [10]. Possibly these
findings in this Australian population cannot be extrapolated to the Bangladeshi population.
Furthermore, PKDL patients are often malnourished, which could largely influence the
calculation of FFM in this patient population. Potentially, differences in FFM calculations from
weight and height are not so profound between male and female patients in this specific
population.

Furthermore, the age range of the population that the FFM calculation equations are
based on [10] was much higher than observed in this paediatric study (10 (4-17) years). Body
composition alters with increasing age and consequently FFM as calculated from weight and
height could alter. A maturation function for FFM estimation for children has recently been
described [14]. Based on this maturation function, which differs between males and females,
the FFM of boys in the here described allometric study would be overestimated using the
adult male formula, resulting in a higher than proposed dose in boys. However, the existence
of the maturation function - based on over a thousand males and females from New Zealand
aged 3-30 - has not yet been validated in other patient populations.

FFM as previously estimated is potentially not the most reliable approximation of FFM
in this population and possibly other body size parameters should be used in the allometric
scaling of clearance and in the calculation of appropriate dosing regimens. The allometric
scaling of dose by FFM in this study, was based on a population pharmacokinetic model
developed based on data of both adult and paediatric visceral and cutaneous leishmaniasis
patients [7]. Due to high variances in body composition between these populations,
miltefosine PK was best described by including FFM instead of weight allometrically scaled on
clearance and volume of distribution. In the future, weight might be considered as body mass
descriptor to calculate the allometric dosing regimen, to address the observed differences
between male and female patients, at least in this population. However, it is unclear whether
this result can be extrapolated to other patient populations, as no differences in miltefosine
exposure were observed between East African male and female pediatric VL patients after
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allometric dosing (Chapter 3.2).

A much higher proportion of female patients (35.7%) compared to male patients
(18.9%) still had unresolved lesions at the one year follow-up time point, though baseline
lesion scores did not differ significantly. Lower miltefosine exposure for female patients
might have contributed to this. However, no significant exposure-response relation could be
identified with this descriptive non-compartmental analysis, relating miltefosine exposure
to lesion score decrease during treatment. Nonetheless, these results might be influenced
by the statistically significant effect of baseline lesion score on treatment outcome, as could
be deducted from the significant correlation of C__ with lesion score decrease when only
selecting patients with an above median baseline lesion score. Probably, patients with a less
severe PKDL infection, have a higher probability of healing naturally without pharmaco-
therapeutic intervention. These exposure-outcome relations could be further investigated in
a more mechanistic approach using population pharmacokinetic modelling. An additional
advantage of this approach is that AUC, , .orAUC, . .can more accurately be described, and
could possibly be better correlated with outcome.

CONCLUSION

In line with predictions, miltefosine exposure was increased towards adult levels after
allometric dosing in paediatric PKDL patients, without significant differences between age
categories. However, exposure was significantly higher in male compared to female pediatric
patients. This warrants further study in establishing the most appropriate body size descriptor
in the allometric scaling of clearance and hence the scaling of the allometric dose to achieve
similar steady state concentrations in male and female patients.

Using the exposure variables from the descriptive NCA analysis, no significant
correlations with treatment outcome could be established, most probably due to the
deterministic effect of baseline lesion score on outcome. Only selecting patients with an above
median baseline lesion score, C__ was significantly correlated with lesion score decrease over
time. A more mechanistic approach to this analysis could potentially be more powered to
clarify the exposure-response relation of miltefosine in PKDL patients.
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ABSTRACT

Background. Despite the high prevalence of HIV co-infection in Ethiopian visceral
leishmaniasis (VL) patients, the effect of HIV-VL co-morbidity on the pharmacokinetics (PK)
of antileishmanial and antiretroviral (ARV) drugs is still unknown. Furthermore, interactions
between antileishmanial and ARV drugs in simultaneous administration have not been
studied.

Methods. Ten HIV co-infected VL patients were treated with 5 mg/kg liposomal amphotericin
B (L-AMB) monotherapy on days 1, 2, 3, 4, 5, 10, 17 and 24 of treatment and 20 patients with
5 mg/kg LLAMB on days 1, 3,5, 7,9 and 11 of treatment combined with 28 days 50 mg oral
miltefosine twice daily from day 1. Miltefosine, efavirenz, nevirapine, lopinavir and ritonavir
concentrations were determined in dried blood spots and total AMB in plasma using liquid
chromatography-tandem mass spectrometry.

Results. The day 1 median AMB C__ was 246 ug/mL (range 124-66.1 ug/mL) and
increased after repeated dosing to 40.9 and 33.2 pg/mL on the last day of combination
and monotherapy, respectively. The median day 28 miltefosine concentration was 18,700
ng/mL (interquartile range: 15,400-22,500 ng/mL). No significant relationship between
(combined) antileishmanial exposure and treatment outcome could be established in this
descriptive analysis. Concentrations of efavirenz and nevirapine were generally stable during
antileishmanial treatment, though two patients showed profound alterations to values
outside the therapeutic window.

Conclusion/discussion. This is the first description of antileishmanial and antiretroviral
drug PKin concomitant administration and the first report of AMB PK in VL patients. The day
1 AMB C__ of 24.6 ug/mL was two-fold lower than previously observed in non-VL patients
(57.6 ug/mL). An approximately 35% lower miltefosine exposure was observed compared to
a previous study in adult VL patients in Eastern Africa, only partially explained by the 19%
lower administered dose (2.1 versus 2.6 mg/kg/day). The lower exposure in this population
possibly indicates that a higher dose could be considered in this patient population, as a
significant miltefosine exposure-effect relationship has previously been established for VL.
Adequate drug exposure in these HIV co-infected patients is especially important to avoid
drug resistance, as relapse frequencies are especially high in this population with limited
treatment options.
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INTRODUCTION

Human immunodeficiency virus (HIV) co-infection is reported in 2-9% of all visceral
leishmaniasis (VL) patients in endemic regions, with rates up to 40% in some regions of
Ethiopia [1]. Treatment outcome in this patient population is of particular concern, with high
rates of treatment failure and relapse [1]. In addition, conventional antimony treatment leads
to unacceptable rates of severe toxicity (pancreatitis, cardiotoxicity and severe vomiting) and
a ten-fold higher mortality rate than in non-co-infected patients [1,2], stressing the need for
the development and evaluation of new, more efficacious and safer treatment regimens
for HIV co-infected VL patients. A recent randomized open-label clinical trial (registered
as NCT02011958) in Northern Ethiopia evaluated the efficacy and safety of a liposomal
amphotericin B (.-AMB) monotherapy and a combination therapy of L-AMB with miltefosine
in treatment of HIV co-infected VL patients, of whom the majority concomitantly received
antiretroviral treatment (ART).

Defining pharmacokinetic-pharmacodynamic relationships has been shown to
be pivotal in clinical decision-making regarding dosing regimens against various infectious
diseases [3-6]. In the case of antileishmanial treatment, lower miltefosine exposure has been
associated with lower probability of cure [7] and shorter time to relapse [8] in VL. Also in ART,
exposure-response relationships have been established, such as lower treatment efficacy in
patients with efavirenz trough levels below 1 ug/mL or nevirapine trough levels below 3.4 pg/
mL [9,10].

In VL patients co-infected with HIV, both diseases could potentially have an effect
on the PK of both antileishmanial and antiretroviral (ARV) drugs. Non-nucleoside reverse
transcriptase inhibitors (NNRTIs) and protease inhibitors (Pls) are both metabolized by a
multitude of liver enzymes (CYP3A4, CYP2B6, CYP2C9, CYP2D6 etc. [11]). As liver physiology
is profoundly altered in VL due to parasite infection and increased macrophage loads, this
could potentially affect NNRTI and Pl metabolism and thus ARV drug exposure. Nonetheless,
neither the PK of ARV drugs in VL patients nor the PK of antileishmanial drugs miltefosine and
L-AMB in HIV patients has been evaluated previously. Of even more relevance, the PK of the
pivotal antileishmanial drug L-AMB has never been studied in VL patients, while altered liver
physiology could potentially affect liposome clearance of L-AMB.

Besides possible disease-specific effects on PK, drug-drug interactions could affect
exposure and thereby the efficacy of the concomitantly administered drugs. Amphotericin B
deoxycholate has been associated with the modulation of cytochrome P450 (CYP) enzyme
activity [12], which could affect the metabolism of and thus exposure to NNRTIs and Pls. No
information is available on this mechanism for the liposomal formulation, although it can
be expected that the effect is less profound due to the lower free fraction present [13].
Furthermore, both L-AMB and miltefosine are known to accumulate in the liver, which could
potentially influence NNRTI and PI metabolism. Both L-AMB (>96%) [14] and miltefosine (96-
98%) [15] are highly protein-bound, as are the ARV drugs nevirapine (60%) and efavirenz,
ritonavir and lopinavir (>95%) [16]. VL patients have severely decreased protein levels, which
could potentially result in competition in protein binding in VL patients [17-19].

The PK of miltefosine has been studied in combination with L-AMB, but a potential
effect of miltefosine co-administration on L-AMB PK has not been evaluated. In vitro no PK
interactions could be observed, except for the incorporation of the free fraction of AMB in
miltefosine micelles that form above a critical micelle concentration of 11 uM (4.5 ug/mL) [20].

As part of the aforementioned clinical trial investigating L-AMB as monotherapy
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and in combination with miltefosine in HIV co-infected VL patients, the PK of concomitantly
administered antileishmanial and ARV drugs was assessed. Our objective was to provide
the first description of L-AMB PK in VL patients. Furthermore, our aim was to describe the
PK of both L-AMB and miltefosine in this particularly vulnerable patient population and to
monitor any potential drug-drug interactions. Finally, the PK of ARV drugs was evaluated to
characterize ARV drug exposure and compare it to established therapeutic windows.

METHODS

Study population

PK samples were collected in a clinical trial in Ethiopia investigating the safety and efficacy
of [-AMB in monotherapy or in combination with miltefosine in treatment of HIV co-infected
VL patients (registered as NCT02011958). The clinical trial was approved by the University of
Gondar Institutional Research Board, Ethiopia, National Health Research Ethics Committee,
Ethiopia, Médecins Sans Frontieres (MSF) Ethics Review Board, Switzerland, Institute of
Tropical Medicine (ITM) Institutional Review Board, Belgium, London School of Hygiene &
Tropical Medicine (LSHTM) Ethics Committee, United Kingdom and the Food, Medicine and
Health Care Administration and Control Authority (FMHACA), Addis Ababa, Ethiopia. Before
enrolment, written informed consent was obtained from each patient. Patients received one
of the two treatments: (1) L-AMB (AmBisome®, Gilead, Foster City, CA, USA) monotherapy at a
total dose of 40 mg/kg (5 mg/kg on days 1to 5, 10, 17 and 24) or (2) combination therapy of
30 mg/kg L-AMB (5 mg/kg on days 1,3,5,7,9, 11) combined with 28 days of 50 mg miltefosine
bi-daily (Impavido®, Paladin Labs Inc., Canada).

Primary clinical outcome was evaluated after one treatment cycle at day 24 for
patients in monotherapy and day 28 for patients in combination therapy. Patients that were
still parasite positive by microscopy on the last treatment day but clinically well, received
another cycle of the same treatment regimen (‘extended treatment”). Patients that were
parasite positive and unwell, received rescue treatment (any other antileishmanial treatment
available). After extended treatment, patients that were still parasite positive received rescue
treatment. Relapse-free survival was evaluated at 12 months after end of treatment (nominally
day 390).

Patients already on ART continued their regimen. Patients not yet on ART started
with a once-daily regimen of tenofovir (300 mg), lamivudine (300 mg) and efavirenz (600 mg)
(TDF/3TC/EFV), during or at the end of antileishmanial treatment.

Sample collection, storage and transport
Miltefosine and ARV drug concentrations were determined in dried blood spots (DBS).
Miltefosine samples were collected pre-treatment, pre-dose on day 11, day 28 (~12h after
final dose), day 56 (~12h after final extended treatment dose, if applicable), and one and six
months after treatment. ARV samples were collected pre-dose (trough level) and 4-5 hours
post-dose (peak level) on the firstand last day of antileishmanial treatment. If patients were not
yet on ART at the start of antileishmanial treatment, the first ARV PK samples were collected
on the first day of ART, on which pre-dose concentrations were logically zero.

DBS samples were air-dried for at least 3 hours after collection. Samples were stored
on site at room temperature in the dark in zip lock bags with at least three desiccant packages.
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Under the same conditions, samples were transported to and subsequently stored at the
bioanalytical laboratory in Amsterdam, the Netherlands.

K -EDTA plasma samples were collected for AMB quantification on the first and the
last day of AMB treatment, corresponding to day 24 and day 11 for the monotherapy and
combination therapy, respectively. Samples were collected at 2, 6 and 24 (trough level) hours
after the start of infusion. As L-AMB was theoretically administered by a two-hour IV infusion,
the sample collected 2 hours after start of infusion should represent the maximum observed
concentration (C_ ).

In addition, miltefosine K-EDTA plasma samples were collected on day 28
simultaneously with the miltefosine DBS sample to correlate DBS with plasma concentrations.
AMB and miltefosine plasma samples were stored and transported at nominally -20°C.

Bioanalysis

Miltefosine DBS and plasma concentrations were quantified as described previously [21,22].
The lower limit of quantitation (LLOQ) was 10 ng/mL for the DBS assay and 4 ng/mL for the
plasma assay. For the 20 paired plasma and DBS samples, the median difference between the
analysed concentrations in DBS and plasma was -1.1%, ranging between -17.3% and +21.7%.
Only one DBS concentration was outside the +20% bias, indicating that >2/3 of samples were
within the £20% bias usually accepted for incurred sample re-analysis [23], when considering
DBS concentrations to be identical to plasma concentrations.

ARV drug concentrations were quantified in DBS as previously described [24],
with slight alterations. Only NNRTI (efavirenz and nevirapine) and P! (lopinavir and ritonavir)
concentrations were analysed. Calibration standards and quality control samples were
prepared in whole blood, adjusted to a haematocrit (Hct) of 30%-+19% to mimic the typical Hct
values in VL patients (as described previously for the miltefosine DBS method [21]). The effect
of Hct on accuracy and precision of the method was evaluated and was acceptable from Hct
21-40% for efavirenz, nevirapine, and ritonavir, and 21-35% for lopinavir. The LLOQ was 0.1 pg/
mL for efavirenz, nevirapine, and lopinavir and 0.05 pg/mL for ritonavir. Plasma concentrations
of efavirenz and nevirapine were calculated from analysed DBS concentrations, as described
in the clinical method validation, using analysed individual Hct values [25]. Lopinavir/ritonavir
plasma concentrations were calculated with previously reported equations [26].

Total AMB plasma concentrations were analysed in a range from 0.5-100 pg/
mL with liquid chromatography tandem mass spectrometry (LC-MS/MS). Sample pre-
treatment involved protein precipitation by adding 1,000 puL methanol to 50 plL of plasma.
After centrifugation, the supernatant was injected onto the LC-MS/MS system and
chromatographic separation was performed on a Gemini C18 column (50 mm x 2.0 mm;
Phenomenex, Torrance, CA, USA). Gradient elution was applied using mobile phase A 0.1%
formic acid in water and mobile phase B 100% methanol in the following gradient: 30% B (0.2
mL/min, 0-045 min), 95% B (0.2 mL/min, 0.50-4.45 min), 30% B (0.4 mL/min, 4.50-6.0 min).
Detection was performed on a triple quadruple mass spectrometer with turbo ion spray
interface (API3000, Sciex, Framingham, MA, USA) in positive-ion mode with a total run time
of 6.0 min. The measured transition was from 924.5 to 743.5. AMB peak areas were plotted
against the corresponding nominal concentration and the linear regression was optimal
with a 1/x? weighting factor, where x is the analyte concentration. The analytical method
was validated with good performance in terms of linearity, selectivity, accuracy (bias within
+8.9%), precision (CV9% <8.9%), recovery, carry-over and matrix effect. AMB was found to be
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stable for at least 15 months in plasma.

In addition, we evaluated whether the developed bioanalytical method accurately
analysed the total AMB concentration, including the liposome encapsulated proportion.
Water was added to 50 mg of AmBisome® (Gilead, Foster City, CA, USA) in the original vial,
to a final concentration of 5 mg/mL AMB. Subsequently, control human K -EDTA plasma was
spiked to concentrations of 1.5 and 75 ug/mL AMB and these samples were pre-treated as
described previously. As bias was within +15% and the coefficients of variation were below
15%, it could be concluded that the liposomal formulation had no effect on the accuracy and
precision of this method.

Data analysis

Data analysis was performed in R (version 3.3.1), and R package “ggplot2” was used for the
graphical presentation. Non-compartmental analysis (NCA) was performed with the R package
“ncappc’ and the Coo and area under the concentration-time curve (AUC) were reported. The
AUC was calculated over different time spans for miltefosine and AMB.

For AMB, the first available time point is directly after infusion, therefore the AMB
concentration at t=0is set to zero, to integrate the AUC during infusion. The AUC is integrated
between t=0 and t=24h (AUC,,,) on day 1 (AUCDLO_W) and the last day of treatment (AUCDMO_
24h/AUCDH’O_W). The accumulation of AMB was expressed as the D24/D1 (monotherapy) or
D11/D1 (combination therapy) AUC,_,, ratio, calculated by dividing the individual AUC,,, on
the last treatment day by the individual AUC_,, on day 1.

For miltefosine, the AUC was calculated from day 0-28 (AUC, ) and from day 0-210
(AUC, ). If day 210 concentrations were below the LLOQ, these concentrations were assumed
to be zero for AUC,_ calculations.

To evaluate the effect of antileishmanial treatment on ARV drug exposure, the
concentration change was calculated as the ratio of ARV drug concentration at the end of one
antileishmanial treatment cycle divided by the ART concentration at the start of treatment.
Therefore, patients not yet on ART on day 1 of antileishmanial treatment were excluded from
this analysis.

Data are represented as median (interquartile range), unless indicated otherwise.
For normally distributed variables, the two sample t-test was used when comparing groups
with equal variances, and the Welsh two-sample t-test when comparing groups with unequal
variances. In case of non-normal distribution, the Mann Whitney U-test was applied. In
evaluating correlations, a linear regression was performed in R.

RESULTS

Demographics

Patient characteristics are depicted in Table 1. A total of 30 male HIV co-infected VL patients
were included in the PK sub-study of this trial, of whom 10 patients were included in the
monotherapy arm and 20 patients in the combination therapy arm.

At the start of antileishmanial treatment, 8 patients in the monotherapy arm and 15
patients in the combination therapy arm were already on ART (Supplementary table 1). At the
end of antileishmanial treatment, all patients were on ART, the most common combination
of which was TDF/3TC/EFV, administered to 23 of the 30 patients. Of the other seven patients,
treatments included efavirenz (n=2), nevirapine (n=4) and lopinavir/ritonavir (n=1). For the
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majority of patients already on ART before antileishmanial treatment, the total length of ART
so far was available and ranged widely between 2 and 1937 days (median 346 days for patients
receiving L-AMB and miltefosine combination therapy, median 244 days for patients receiving
L-AMB monotherapy). During VL treatment (including extended treatment), ART was directly
observed and no doses were missed during this period. No information is available on ART
compliance after VL treatment.

In the monotherapy arm, three out of ten patients were cured at the end of one
treatment cycle, two received rescue treatment and five received extended treatment. In

Table 1. Demographics and treatment information of study population.

Parameter Monotherapy Combination
L-AMB therapy
L-AMB + MIL
Total no. of patients 30 10 20
Male patients [no. (%)] 30 (100) 10 (100) 20 (100)
Age (yr) 33 (27-45) 36 (27-45) 33 (28-44)
Body weight day 0 (kg) 47.0 (36.0-73.0) 485 (41.5-67.0) 46.5 (36.0-73.0)
Body weight day 28 (kg) 50.0 (35.0-75.0) 52.5(37.0-70.5) 49.5 (35.0-75.0)
Height (cm) 170 (158-180) 170 (158-180) 170 (159-180)

Treatment outcome after one treatment cycle

Cure [no. (%)] 13 (43) 3(30) 10 (50)
Receive rescue treatment [no. (%)] 3(10) 2(20) 1(5)
Receive extended treatment [no. (%)] 14 (47) 5(50) 9 (45)

Treatment outcome after two treatment cyc\es

Cure [no. (%)] 9(30) 1(10) 8 (40)
Rescue treatment [no. (%)] 5(17) 4(40) 1(5)
Primary infection [no. (%)] 14 (47) 5(50) 9 (45)
Secondary infection [no. (%)] 16 (53) 5(50) 11 (55)
Previously treated with L-AMB 9 3 6
Previously treated with MIL 4 2 2

ART at start antileishmanial treatment [no. (%)]

TDF-3TC-EFV (300/300/600mg) 15 (50) 7(70) 8 (40)
Other treatments including EFV 3(10) 3(15)
Other treatments including NVP 4(13) 1(10) 3(15)
Other treatments including LPV/r 103) 1(5
No treatment 7(23) 2(20) 5(25)

ART at end antileishmanial treatment [no. (%)]

TDF-3TC-EFV (300/300/600 mg) 23(77) 9(90) 14(70)
Other treatments including EFV 2(7) 2(10)
Other treatments including NVP 4(13) 1(10) 3(15)
Other treatments including LPV/r 13) 1(5

All values are given as median (range), unless stated otherwise. L-AMB: liposomal amphotericin B; MIL: miltefosine; EFV: efavirenz; NVP:
nevirapine; LPV: lopinavir; RTV: ritonavir. TDF-EFV-3TC: tenofovir-efavirenz-lamuvidine
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combination therapy, ten out of 20 patients were cured at the end of one treatment cycle,
one received rescue treatment and nine received extended treatment.

Amphotericin B pharmacokinetics

AMB concentrations on the first and last day of treatment were available for all 30 patients.
One sample was above the upper limit of quantitation, but was included assuming linear
extrapolation of the calibration curve. For three patients, day 1 samples were collected at 4,
8 and 26 hours after start of infusion and these samples were therefore excluded from the
analysis.

Day 1 C_ was 246 pyg/mL in a range from 124-66.1 ug/mL. Further exposure
variables on both the first and last treatment day are described in Table 2. Median trough levels
increased during treatment from 5.37 (2.45-9.05) to 10.1 (5.94-11.3) ug/mL for monotherapy,
and from 2.20 (1.23-3.58) to 6.82 (3.79-14.2) ug/mL for the combination therapy. The D24/D1
AUC,, ratiowas 1.3 (1.1-1.6) for the monotherapy and the D11/D1 AUC,, ratio 2.4 (1.5-3.8)
for the combination therapy, though these cannot be directly compared due to differences in
intermittent dosing time spans. There was no significant effect of weight on the accumulation
(monotherapy p=0.48, combination therapy p=0.28). There was no significant difference in
observed C..on the first treatment day between patients already on ART at 24.1 (17.1-34.4)
pg/mL compared to the seven patients not yet on ART at 28.3 (16.5-50.9) ug/mL. In addition,

Combination therapy Monotherapy

50 -

40 - -

30+

20+

Total AMB concentration (ug/mL)

10

5 10 15 20 25 5 10 15 20 25
Time after infusion (hours)

Treatment day =@ First day of treatment |~@®-/ Last treatment day

Figure 1. Median total amphotericin B (AMB) concentration on the first treatment day (black lines) for monotherapy (n=9) and
combination therapy (n=18) and the last treatment day (light grey lines) for monotherapy (day 24, n=10) and combination
therapy (day 11, n=20). Error bars indicate the interquartile-range (IQR).
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Table 2. AMB median C___and AUC__, as output from NCA analysis.

0-24h

First treatment day Last treatment day

Monotherapy Combination therapy Monotherapy Combination therapy
(G 28.3(21.0-40.8) 21.2(14.8-33.1) 33.2(29.0-46.6) 409 (254-53.1)
AUC,,,, 209 (173-570) 195 (114-305) 492 (271-587) 436 (240-696)
N= 9 18 10 20

Values expressed as median (interquartile range). There were no significant differences between treatment arms.

there were no significant differences in the C__ nor AUC__,. on the last treatment day for ART
regimens including either efavirenz, nevirapine or lopinavir/ritonavir. No correlation between
C...orAUC . and weight could be observed.

0-24h

Miltefosine pharmacokinetics
The average miltefosine dose received was 2.1 mg/kg (range 1.4-2.8 mg/kg). All pre-treatment
miltefosine concentrations were below the LLOQ. All samples were correctly collected before
the next miltefosine dose and can be considered pre-dose samples. Three samples with
physiologically improbable values on day 210 (concentrations above 2,000 ng/mL) were
excluded from the results. Day 210 concentrations were mostly below the LLOQ. For seven
patients, day 210 concentrations were not available, and set to zero for AUC, calculations.
Figure 2 depicts the miltefosine concentration-time curves per patient, split for
patients that were cured at the end of one treatment cycle and patients that were not (parasite
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Figure 2. Miltefosine concentration-time curves for patients who were cured (left, n=10) and patients that were still
parasitologically positive (right, n=10) at the end of one treatment cycle. The dashed vertical black line indicates the end of one
treatment cycle (day 28) and the horizontal grey dashed line indicates the lower limit of quantitation of 10 ng/mL. Note that for
the 10 patients who were parasitologically positive at day 28, one patient received rescue treatment (grey dashed line) and the
others received an additional treatment cycle of the same regimen.
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positive). Day 28 concentrations were 18,700 (15,400-22,500) ng/mL, without significant
difference between patients that were cured (17,500 (15,300-22,800) ng/mL) and patients still
parasitologically positive (19,200 (17,900-22,000) ng/mL) at the end of one treatment cycle,
while receiving similar mg/kg dosages (2.2 (2.1-2.3) mg/kg versus 2.1 (2.0-2.4) mg/kg). Two
patients showed particularly low miltefosine exposure with day 28 concentrations of 9,900
ng/mL and 7,270 ng/mL respectively, and both were still parasite positive at the end of one
treatment cycle. During the second treatment cycle, miltefosine concentrations remained
stable with a 20,100 (17,300-24,600) ng/mL concentration at the end of extended treatment.
The AUC, . was 314 (275-377) pg-day/mL and showed to be similar (p=0.36) between
patients who were cured on day 28 at 330 (285-395) ug-day/mL and patients who were still
parasitologically positive at 314 (263-364) ug-day/mL. AUC,__ was 524 (428-685) ug-day/mL
for patients receiving one treatment cycle, and 1,066 (1,016-1,317) ug-day/mL for patients
receiving two treatment cycles.

Figure 3 depicts the difference in day 28 miltefosine concentrations for patients
treated with different ARV regimens. Median day 28 miltefosine concentrations were
significantly higher for patients treated with nevirapine (25,100 ng/mL) compared to patients
treated with efavirenz (18,000 ng/mL, p=0.04, two-sample t-test), but only three patients
received nevirapine in the combination therapy arm. There was no difference in miltefosine
day 28 concentration for the five patients who were not yet on ART at start of antileishmanial
treatment, compared to the patients that were. No correlations were detected between dose/
weightand C__ /AUC
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Figure 3. Day 28 miltefosine concentrations for patients treated with ART including either efavirenz (EFV, n=16), lopinavir/
ritonavir (LPV/RTV, n=1) or nevirapine (NVP, n=3). Dots indicate the individual observations, in grey for patients already on ART
at start of antileishmanial treatment and in black for patients who start ART during antileishmanial treatment (on day 11, 14, 16,
27 or 28). Horizontal blacklines indicate the median day 28 miltefosine concentrations per ARV drug.
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Antileishmanial exposure in relation to treatment outcome

Only evaluating AMB exposure, considering either AUC, . AUC, . AUC,,, ... D24/D1
or D11/D1 AUC_,, ratio, there was no significant difference between patients cured at the
end of the first antileishmanial treatment cycle and patients still parasite positive, for both the
mono- and combination therapy group. As mentioned previously, there was no significant
difference in miltefosine exposure between these groups either.

Figure 4 depicts the relationship between combined antileishmanial drug exposure
and treatment outcome at the end of one combination therapy cycle (day 28). No correlation
was detected between combined miltefosine and AMB exposure and treatment outcome

While evaluating the D11/D1 AMB AUC_,, ratio as a measure of drug accumulation
versus the miltefosine AUC, ., a significant correlation between them was detected, though
with high variability (p=0.0313, R?=0.26, Figure 5). Since miltefosine slowly accumulates during
treatment towards a steady-state concentration, miltefosine AUC_ . can be considered a
measure of total miltefosine accumulation, indicating that patients with above median AMB
accumulation also showed above median miltefosine accumulation.
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Figure 4. Individual observations of the area under the concentration-time curve (AUC) for miltefosine from day 0 to day 28
(AUC, ;,,) on the x-axis and the AUC of amphotericin B (AMB) from time 0 to 24 h on the first day of treatment (AUCm,Oﬂ .y onthe
y-axis. Solid triangles indicate patients that were cured on day 28 and open squares indicate patients that were still parasitolo-
gically positive on day 28. The horizontal dashed line indicates the median AMB AUC,, ., exposure at 195 ug/mL/h, while the
vertical dashed line indicates the median miltefosine exposure AUC_ - at 314 ug/mL/day. Only 18 patients were included in this
analysis, as two patients had distinct sampling schedules on day 1 and could therefore not be compared.
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D11/D1 AMB AUCq_sa, ratio
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Figure 5. AMB accumulation is displayed on the y-axis as the D11/D1 AMB AUC_,,, ratio, and miltefosine exposure (miltefosine

AUC, o) on the x-axis. The black line indicates the linear regression line between the two (p=0.0313, R* = 0.26), and the grey

shaded area the 95% confidence interval. Solid triangles indicate patients that were cured on day 28 of treatment, open squares
indicate patients that were still parasitologically positive on day 28. The horizontal dashed line indicates the median D11/D1
AMB AUC_,, ratio of 2.4, while the vertical dashed line depicts the median miltefosine exposure AUC, __at 314 ug/mL/day. Only

0-24h 0-D28
18 patients were included in this analysis, as two patient had distinct sampling schedules on day 1 and could therefore not be

compared.

ARV drug concentrations during antileishmanial treatment
Peak samples were collected at 4.2 (range 3.2-4.7) h after dose, and all trough levels were
collected at 0.1 (range 0.2-0) h before dosing.

Trough and peak plasma concentrations of efavirenz on the first and last
antileishmanial treatment day of the first treatment regimen are depicted in Table 3 and Figure
6. Excluding the seven patients not yet on ART, the efavirenz concentration change during
antileishmanial treatment was 0.81 (0.49-1.26) for peak and 1.10 (0.71-1.67) for trough levels,
without significant differences between treatment arms. However, efavirenz trough levels in
one monotherapy patient increased around two-fold from 3.4 to 6.7 ug/mL (and there was a
similar increase in peak levels). For one combination therapy patient efavirenz trough levels
decreased from 9.2 to 3.4 ug/mL.

Figure 7 shows the peak and trough levels of nevirapine. One combination therapy
patient started ART on the first day of antileishmanial treatment (trough level of zero) and
therefore both trough and peak levels increased during treatment. In general, nevirapine
concentrations remained relatively stable, except for the l-AMB monotherapy patient, with
a nevirapine trough concentration decreasing from 4.1 to 2.5 pg/mL (below the 3.4 ug/mL
therapeutic target level [10]).
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Table 3. Efavirenz peak and trough concentrations in combination and monotherapy, for those patients already
treated with ART on the first day of antileishmanial treatment and those who started ART during treatment.

ART on first Total Efavirenz Efavirenz Trough
antileishmanial patients (no.) trough level peak level >4 pg/mL
treatment day? (ng/mL) (ng/mL) (no.)
Combination 1 Yes 1 1.28 (0.65-266)  491(97-532) 5 1
therapy
No¢ 4 - 3.36(269-3.97) -
28 Yes 10° 132(0.98-1.97)  324(250-456) 3 0
No¢ 5 1.06 (0.58-1.76) 4.00 (3.16-4.62) 1 2
Monotherapy® 1 Yes 7 1.35(1.08-1.86)  3.85(2.73-422) 2 0
24 Yes 7 1.83(1.22-1.97) 4.60 (2.23-4.76) 2 1

Values are median (inter-quartile range), unless indicated otherwise.

“Two patients in monotherapy started ART on last day of antileishmanial treatment and were therefore not sampled during treatment
*One patient excluded as below LLOQ for both peak and trough level on day 28, possibly due to non-compliance

Day 1in these patients is the first day of ART, varying between patients between day 11 and 28 of antileishmanial treatment. For patient
that started on day 28, the day 1 sample was not collected as day 1 and 28 coincide.

Combination therapy Monotherapy

Derived efavirenz plasma conc. (ug/mL)

0.0-— i U
0 10 20 30 0 10 20 30
Antileishmanial treatment day

Figure 6. Efavirenz trough levels per patient at start and end of treatment for combination therapy (n=10) and monotherapy
(n=7). Patients not yet on ART on the first antileishmanial treatment day were excluded, as was one combination therapy patient
with undetectable efavirenz levels at end of treatment. The horizontal dashed black lines depict the 1-4 pg/mL therapeutic
window previously described for efavirenz.

For the patient receiving lopinavir/ritonavir, the lopinavir trough concentration at start and
end of treatment (7.7 and 4.3 pug/mL, respectively) were above the previously reported 4 ug/
mL target [27]. Ritonavir trough levels also decreased during treatment from 0.33 pg/mL to
0.21 pg/mL.
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Peak level Trough level

Derived nevirapine plasma conc. (ug/mL)
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Figure 7. Nevirapine peak and trough concentrations. Indicated with the black dashed line is the lower limit of the therapeutic
window at 3.4 pg/mL. One patient in the combination therapy group started ART on the first day of antileishmanial treatment
(trough level of zero).

DISCUSSION

To our knowledge, this is the first study to characterize l-AMB PK in VL patients. Previous
studies on L-AMB PK were performed either in healthy volunteers or patients with invasive
fungal infections (described in Chapter 1). Total AMB exposure was lower than previously
described. In the AmBisome® manufacturer’s product monograph a C__ of 57.6+21.0 pg/mL
(mean+SD) was reported after a single 5 mg/kg dose in 12 patients [28], compared to 24.6
(17.0-34.9) ug/mL in this trial. The value in the product monograph is in line with the reported
18.0-22.9 ug/ml after 2-3 mg/kg [13,29,30] and 75.9-95.5 ug/mL after 7.5 mg/kg [31,32], when
dose-proportionality is assumed. The lower observed AMB exposure might be related to VL
disease pathogenesis. Liposomes are cleared from the circulation by macrophages of the
reticuloendothelial system (RES), mainly in the liver and spleen [33]. It could be hypothesized
that clearance of AMB is affected by the increased liver macrophageal load leading to changes
in drug distribution and possibly also an increased drug elimination. A potential (additional)
HIV effect on L-AMB exposure also cannot be excluded. As there was no difference in day 1
AMB exposure between patients already on ART versus patients that were not, no drug-drug
interaction between ARV drugs administered in this trial and AMB is expected.

For two patients on day 1 and three patients on the last treatment day, the AMBC
was observed at six hours after start of infusion instead of the expected two hours after start
of infusion. For one of these patients this could be explained by sample collection before the
end of infusion (infusion time longer than two hours), but no justification could be found in
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sampling or infusion time data for the other patients.

No significant relationship could be identified between L-AMB exposure and
treatment outcome. As this is the first description of L-AMB PK in treatment of VL patients, it
is still unknown what is the best approximation of AMB exposure at its target site. On the one
hand, the active moiety of L-AMB in VL is unknown and can either be the free or liposomal
encapsulated fraction. In addition, it is not yet established if and how plasma exposure
correlates to target site exposure. It could be hypothesized that increased clearance by the RES
organs liver and spleen could actually increase AMB exposure at its target site of action, while
plasma levels are decreased. Furthermore, next to antileishmanial drug exposure, a multitude
of other host- and parasitic factors could have influenced outcome, such as immunological
disturbances caused by HIV.

While exposure was lower than previously described, the wide inter-individual
variability in observed concentrations is in line with previous L-AMB PK studies, and has
been previously explained by inter-individual variability in liposomal uptake into tissue
compartments or differences in AMB release from the liposome carrier [29,30,34]. As has
been documented previously, accumulation was observed upon multiple dosing [29].
No significant differences were observed in the C__ or AUC_,, on the last treatment day
between monotherapy and combination therapy, although the interpretation is hampered
by between-treatment differences in dosing intervals and high inter-patient variability.

Multiple AMB population PK models described body weight as a covariate on
clearance and volume of distribution [29,34-36]. No correlation, however, could be observed
between C__, AUC_,, nor D24/D1 or D11/D1 AUC_,, ratio and weight in our descriptive
analysis, possibly due to the narrow range of patients' body weights in this trial.

The median miltefosine day 28 concentration of 18,700 (15,400-22,500) ng/mL was
approximately 35% lower than the reported concentrations of around 30,000 ng/mL [37,38],
and the miltefosine AUC, . of 314 (275-377) pg-day/mL was 37% lower compared to the
previously observed 497 (191-767) ug-day/mL in other adult Eastern African VL patients [8].
Though it should be noted that in previous studies miltefosine exposure was determined
in plasma matrix instead of DBS, clinical validation of the bioanalytical method showed that
analyzed miltefosine concentrations in DBS were only 1.1% lower than analyzed plasma
concentrations, indicating that this effect is negligible.

The lowered miltefosine exposure could partially be attributed to the flat dosing of
50 mg miltefosine twice daily, which corresponded to a 2.1 mg/kg/day dose (range 1.4-2.8
mg/kg), 19% lower than the 2.6 mg/kg/day administered in the previously reported PK study
in adult VL patients in Eastern Africa [8,39]. Body weight (or fat-free mass) has previously been
reported to be a scaled covariate on clearance and volume of distribution [7,38]. However, as
patients received a flat 100 mg/day dose, patients with a lower body weight consequently
received a higher mg/kg/day dose, possibly obscuring the effect of body weight on exposure
in this descriptive analysis.

The observed 24,900 ng/mL day 28 miltefosine concentration for patients receiving
ART including nevirapine is in line with reported values, considering the 19% lower dose. The
significantly lower 17,600 ng/mL day 28 miltefosine concentration for patients treated with ART
including efavirenz, could imply a potential effect of efavirenz on miltefosine accumulation.
However, given the small sample size, only cautious hypotheses can be formulated regarding
this possible interaction.

It is possible that the highly protein-bound (99.5%) efavirenz competes with
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miltefosine for binding the already lowered VL patient albumin levels, while this competition
could be less marked for nevirapine (60% protein-bound). Additionally, there could be
differences between ARV drugs in P-glycoprotein (P-gp) transporter induction, potentially
influencing miltefosine exposure, as intracellular miltefosine concentrations were found
to be significantly and reversely correlated with MDR1 gene expression [40]. Similar levels
of upregulation of P-gp expression have been observed in vitro with much lower levels of
efavirenz compared to nevirapine [41].

While lower miltefosine exposure has previously been related to a lower probability
of cure in VL [7], no such effect was observed in this study, possibly due to a combination of
the small number of patients in the study and the multitude of factors besides drug exposure
determining treatment response, especially in immunosuppressed HIV/VL co-infected
patients. However, one patient whose miltefosine concentration declined 27% between day
11 and day 28 (8,420 ng/mL on day 28, 55% lower than the population median, see Figure 2),
received rescue treatment after one treatment cycle. This patient showed a weight decrease
from 48 to 39 kg during treatment, indicating a worsened clinical condition, possibly resulting
in lower absorption and bioavailability.

Though no correlation could be found between treatment outcome and combined
exposure to AMB and miltefosine, a significant correlation between AMB and miltefosine
accumulation was observed which has not been described previously. This correlation might
be caused by similar distribution patterns and mechanisms for both [-AMB and miltefosine.
Furthermore, an additional effect could be hypothesized to result from free AMB accumulation
within miltefosine micelles when concentrations are above the critical micelle concentration
of 11.1 uM (4.5 ug/ml), as reported previously in vitro [20]. However, as both the free fraction
of miltefosine and AMB are small [14,15], this effect is probably negligible. Additionally, it
could be envisaged that miltefosine micelles and AMB liposomal carriers fuse, altering their
composition and possibly influencing their clearance. Liposome clearance in the liver has
been found to be largely dependent on liposome composition such as size, charge and
headgroup composition [42].

Efavirenz concentrations on the first day of antileishmanial treatment were similar to
the previously reported trough concentration of 1.21 (0.83-1.86) in a large Ethiopian population
(n=215) [43]. The therapeutic window of efavirenz between 1-4 pug/mL is well defined, with
higher risk of treatment failure when efavirenz trough concentrations are below 1 ug/mL and
increased risk of neuropsychiatric adverse reactions with peak concentrations above 4 ug/mlL
[9,10]. A large proportion of patients showed efavirenz concentrations below 1 ug/mL, which
was observed previously as well for non-VL patients [43], but this proportion did not change
upon antileishmanial treatment. In general, no profound effect of antileishmanial treatment
could be observed on efavirenz or nevirapine concentrations, but exceptions were observed
at an individual patient level.

CONCLUSION

To our knowledge, this study is the first describing the PK of concomitantly administered
miltefosine, L-AMB and ARV drugs in HIV co-infected VL patients. Both AMB and miltefosine
exposure were lower than previously observed. The lowered AMB exposure could potentially
be caused by a change in clearance due to altered liver physiology in VL, as its PK has never
been studied in VL patients. The lower miltefosine exposure can partially, but not exclusively,
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be attributed to the 19% lower dosing and possibly indicate that a higher dose should be
considered to achieve equivalent exposure as previously found in Eastern African adult VL
patients, since miltefosine exposure has previously been found to be significantly associated
to treatment outcome. The lower than expected antileishmanial drug exposure of both
[-AMB and miltefosine emphasizes the importance of investigating the PK of co-administered
antileishmanial and ART drugs in these specifically vulnerable patients. Adequate drug
exposure in these HIV co-infected patients is of utmost importance to avoid drug resistance,
as relapse frequencies are especially high in this population with limited treatment options.
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Supplementary table 1. Specific ART regimens administered to patients at start and at end of antileishmanial
treatment.

ART regimen Patients on ART regimen at Patients on ART regimen at
start antileishmanial treat end antileishmanial treatm

Monotherapy = Combination Monotherapy = Combination

therapy therapy
Total number of patients 10 20 10 20
(no)
Total number of patients 8 15 10 20
on ART (no.)
TDF- 3TC-EFV 300/300/600 mg 7 8 9° 14
TDF- 3TC-NVP 300 mg OD/300 mg 1 1
0D/200 mg BID
AZT- 3TC-EFV 300 mg BID/300 mg 20 1
OD /600 mg OD
AZT- 3TC-NVP 150/150/280 mg BID 1 1
300/150/200vmg BID 1 1
600 mg OD/300 mg 1 1
0OD/200 mg BID
ABC-3TC-EFV 600/300/600 mg 1 1
ABC/3TC/LPV/r 600/300/400/100 mg 1 1
Not on ART (no.) 20 5¢

BID = bi-daily, OD = once-daily, TDF = tenofovir, EFV = efavirenz, 3TC = lamivudine, NVP = nevirapine, AZT = zidovudine, ABC = abacavir,
LPV/r = lopinavir+ritonavir

9One patients switched to TDF -3TC-EFV (300/300/600 mg) on day 18 of antileishmanial treatment

bBoth patients not on ART at start of antileishmanial treatment started with TDF -3TC-EFV (300/300/600 mg) on day 23 of antileishmanial
treatment

“All five patients not on ART at start of antileishmanial treatment started with TDF -3TC-EFV (300/300/600 mg) between day 11 and day
28 of antileishmanial treatment
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ABSTRACT

Recently, there has been a renewed interest in the development of new drugs for the
treatment of leishmaniasis. This has spurred the need for pharmacodynamic markers to
monitor and compare therapies specifically for visceral leishmaniasis, in which the primary
recrudescence of parasites is a particularly long-term event that remains difficult to predict.
We performed a systematic review of studies evaluating biomarkers in human patients with
visceral, cutaneous, and post-kala-azar dermal leishmaniasis, which yielded a total of 170
studies in which 53 potential pharmacodynamic biomarkers were identified. In conclusion,
the large majority of these biomarkers constituted universal indirect markers of activation
and subsequent waning of cellular immunity and therefore lacked specificity. Macrophage-
related markers demonstrate favorable sensitivity and times to normalcy, but more evidence
is required to establish a link between these markers and clinical outcome. Most promising
are the markers directly related to the parasite burden, but future effort should be focused on
optimization of molecular or antigenic targets to increase the sensitivity of these markers. In
general, future research should focus on the longitudinal evaluation of the pharmacodynamic
biomarkers during treatment, with an emphasis on the correlation of studied biomarkers and
clinical parameters.
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INTRODUCTION

Significant progress has been made the past few decades in our understanding of the
pathophysiology and immunological mechanisms involved in the fatal parasitic infection
visceral leishmaniasis (VL) and its dermal counterpart, cutaneous leishmaniasis (CL). Despite
this progress, these scientific efforts have not directly led to new and better treatment options
for patients suffering from these neglected tropical diseases. Fortunately, public interest and
momentum in drug discovery and development for the leishmaniases have been renewed,
which is substantiated, for instance, by the Drugs for Neglected Diseases initiative (DNDJ) in
the last decade [1,2]. This renewed interest stipulates the need for more modalities to compare
and monitor therapeutic interventions.

Classical clinical features used to evaluate individual treatment responses of patients
with VL include the normalization of spleen/liver size, defervescence, and the normalization
of blood cell counts (as an indicator of recovering bone marrow). Likewise, for CL, the sizes of
the inner and outer borders of cutaneous lesions are used as proxy determinants of parasite
biomass, although reepithelialization, crustation, and a multiplicity of skin lesions complicate
interpretation. These individual clinical features are, however, rarely used in the quantitative
comparison of antileishmanial therapies in the context of a clinical trial. Within such trials, the
current standard confirmation of initial cure for VL is a Leishmania-negative spleen or bone
marrow aspirate confirmed by microscopy, a very invasive semiquantitative technique which
cannot be regularly repeated [3-7]. For CL, the confirmation of initial cure is much less clear:
most clinical trials have defined “cure” as the absence of all inflammatory signs (skin edema
and/or hardening) and complete scarring or reepithelialization of ulcerative lesions at the
3-month follow-up [8-10].

For both VL and CL, confirmation of a final cure as a primary endpoint is even more
complicated by the long time periods between initial cure and recrudescence of parasites,
requiring long follow-up periods (up to 6 or 12 months) to establish final cure [11]. Parasite
recrudescence is a rare and slow-developing event which is difficult to predict, mainly
because little is known about the causes or risk factors. To compare the efficacies of treatment
regimens, sensitive and specific markers that correlate with treatment effect and can predict
long-term clinical outcome, by noninvasive sampling methods, are urgently needed.

The general definition of biomarkers, a neologism for “biological markers,” was
previously established by the working group on biomarkers of the U.S. National Institutes of
Health (NIH) as “a characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or pharmacological responses to
a therapeutic intervention” [12]. The use of biomarkers as surrogate endpoints in trials for
leishmaniasis may have several possible advantages. First, they can be used for additional
(earlier) analyses because primary clinical endpoints are both sparse and available only after
a very long period of follow-up. Second, biomarker measurements are faster and less invasive
than conventional clinical evaluations. Third, the use of biomarkers may allow the design of
smaller, more efficient clinical studies, thereby speeding up the regulatory evaluation and
approval of drugs [13]. This systematic review focuses on the identification and evaluation
of biomarkers to monitor treatment response in cases of VL, CL, and post-kala-azar dermal
leishmaniasis (PKDL), with a focus on the pharmacodynamic potential of these biomarkers to
be used in comparative clinical trials. To our knowledge, this is the first systematic review of
biomarkers in leishmaniasis.
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METHODS

Literature search strategy

Potential biomarkers for VL, CL, and PKDL were identified by a primary-literature search
performed using PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines, querying the PubMed database, restricted to the English language,
as follows: “(((Leishmaniasis(title]) or Kala-azar[title]) or PKDLI[title]) and (((((((biomarker)
or biomarkers) or marker) or markers) or level) or levels) or concentration) or activity) or
profile)” This electronic search was performed from November 2013 to August 2014, and
the date last searched was 19 August 2014. Results were screened manually to identify
relevant publications based on title and/or abstract. Publications that did not focus on the
identification or evaluation of biomarkers were excluded. Selected publications were then
evaluated according to the exclusion criteria as described in Table 1. If the abstract did
not clearly indicate whether a study met the initial inclusion criteria, the entire publication
was assessed. Secondary literature was subsequently identified using references from the
identified primary literature and related publications on PubMed and by specifically querying
PubMed using the term of the identified biomarker in combination with “Leishmaniasis”and/
or "Kala-azar”.

Table 1. Exclusion criteria.

Exclusion criteria Rationale

Method uses ex vivo assays Ex vivo growth of cells is not feasible in practice, and the link with
clinical relevance is unclear

Assay is nonquantitative Quantitation necessary for pharmacodynamic applicability

Sampling methods are invasive (e.g, splenic aspirate, high Not feasible/cannot be done repetitively
blood volumes)

Genetic markers are associated with drug resistance Cannot be used to monitor treatment response during treatment
Genetic markers are associated with susceptibility to Not in scope of this article

leishmaniasis

No comparison with healthy controls No information on “ healthy levels”

Other Not relevant to the topic for various reasons

Evaluation criteria

The biological and clinical pharmacodynamic potential of biomarkers was evaluated based
on five criteria: (i) time to normalcy, i.e, the time needed for the biomarker level to regress
to healthy/control levels; (i) specificity, in relation to concomitant (infectious) diseases, such
as malaria and HIV; (iii) sensitivity, the marker’s quantitation in (treated) patients compared
to that in healthy controls and its association with treatment cure or failure; (iv) additional
sensitivity, i.e, further assessment of sensitivity by more in-depth association of the marker’s
quantitation to standard clinical markers of disease, such as spleen and lesion size; and (v)
geographical applicability. Biomarkers were given a score (—/+/++/7?) for each criterion as
further explained in Table 2.
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Table 2. Criteria to evaluate the pharmacodynamic potential of biomarkers.

Criterium

Reason for score of:

Regression to
normalcy

Specificity

Sensitivity
(quantitative
comparison of marker
levels)

Additional sensitivity
(correlation with
clinical markers)

Geographical
applicability

Occurs >1 mo
after treatment

The biomarker lacks
specificity when
coinfections are
present

Marker levels are not
significantly different
from those of healthy
controls

Marker levels show no
correlation with clinical
parameters

There is contradicting
evidence from different
countries/regions

Occurs within 1 mo
after treatment

The biomarker is
specific for
leishmaniasis with at
least 1 coinfection
(e.g, HIV)

Marker levels are
significantly

different from those of
healthy controls

Markers show correla-
tion with other bio-
markers (e.g., IL-10
levels or comparable)

There is confirmed
evidence from
>1 country

Occurs within
treatment period

The biomarker is
specific for
leishmaniasis with
>1 coinfection

Marker levels are
shown to reflect
treatment outcome
(e.g., there are sig-
nificant differences
between levels in
refractory and
recovered patients)

Markers show cor-
relation with clinical
parameters (e.g., spleen
size)

There is confirmed
evidence from
>1 continent

Unknown

The biomarker is not
tested in
coinfected patients

Marker levels are not
compared to

those of healthy
controls

Clinical correlation is
not tested

Not tested in multiple
countries

RESULTS

Literature search

The primary-literature search identified 1,875 studies for which the titles were screened and
assessed for eligibility. 1,547 records were found to be nonrelevant and excluded. Thereafter,
abstracts and, subsequently, the full text of the remaining studies were assessed for their
eligibility; 133 articles were eventually included in this systematic review. Thirty-seven studies
were additionally identified through a secondary-literature search (Figure 1).

Identified biomarkers

Fifty-three potential biomarkers were identified for VL, CL, and PKDL and are summarized in
Supplementary table 1. The identified biomarkers were grouped into (a) direct markers of
parasite biomass, such as parasite DNA/RNA detection and antigen-based detection, and
(b) indirect markers, such as macrophage-related markers, cytokines, receptors, acute-phase
proteins, and other biomarkers. Biomarkers are further discussed in this section only if they
demonstrate promising potential based on the evaluation criteria (>4+). Antibodies were
excluded from Supplementary table 1 because of their long elimination half-lives (“Antibody
detection”, p. 190).
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Records identified through database
literature search

N=1875 Records excluded:
N=1547
*Pathology (26%)
| eTreatment (24%)
| <Epidemiology (10%)
*Canine studies (10%)
Y *Vaccines (6%)
Full-text articles assessed for eligibility «Other (24%)
criteria in table 1
N =328

Full-text articles excluded:

N=195

*Ex vivo (34%)

*Not quantitative (23%)

Invasive sampling (4%)

*Genetic markers for drug resistance

(2%)

*Genetic markers for susceptibility

(17%)

*No healthy control (7%)

*Other (14%)

A\ 4

Records included through additional
search
N=37

\4

Studies included in systematic review
N=170

Figure 1. Study flow diagram.
Direct markers

Parasite detection

Assessing the viable parasite load within a patient is probably the most direct marker of
disease status for leishmaniasis, and assessing the reduction of the viable parasite biomass
would allow for exact monitoring of the therapeutic response. Several target genes have been
identified and used for the molecular identification and quantification of Leishmania in clinical
samples, including kinetoplast DNA (kDNA, both mini- and maxicircles), small-subunit (SSU)
RNA, such as 18S rRNA, and 7SL RNA. For VL patients, the measurement of the Leishmania
parasite load in blood using quantitative PCR (gPCR) has been evaluated mainly for diagnosis
but also as a proxy value of the overall parasite load and clinical response during and after
treatment [14-26]. The parasite load in blood rapidly decreases upon initiation of treatment,
in parallel with clinical improvement [14-17]. gPCR of blood of East African VL patients
reflected differences in treatment responses to different AmBisome dosages [27], however,
the sensitivity of the assay was lower than for Indian VL patients [28].
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For CL, the parasite burden is localized and confined to the upper layer of the dermis,
in which it is probably homogenously spread in the inflammatory zone that surrounds
the necrotic ulcer [29]. Confirmation of parasites by microscopy or, if available, PCR-based
techniques from lesion biopsy specimens or scrapings is currently the diagnostic practice
for CL [30-36]. Quantitation of parasite RNA in repeated lesion biopsy specimens has been
demonstrated as a technique to assess the parasite burden in CL lesions [35,37]. Treatment
response was quantified in CL patients, demonstrating declines in Leishmania major parasite
loads of ~1 log/week after initiation of miltefosine treatment, which paralleled clinical
improvement [29]. Swabbing of lesions, which is less invasive than biopsy, was performed
to determine whether parasite DNA/RNA loads were diagnostic for CL, and the sensitivity
was around 90% [38-40]. The pharmacodynamic use of repeated swabbing has not yet been
reported. Interestingly, the presence of parasites in CL has also been shown at (unaffected)
extralesional sites [38,40], opening up other possibilities for less invasive sampling procedures.
For PKDL, Leishmania DNA was also detected in lesion material before treatment; a significantly
higher parasite burden was found in chronic lesions than in transient lesions, with burdens
reduced to nondetectable levels posttreatment [17]. The pharmacodynamic use of newer
molecular tools (e.g., loop-mediated isothermal amplification [LAMP]) [41,42] has not yet
been investigated.

Antigen-detection

Disease-specific antigen detection is regularly used as a predictive biomarker, e.g., for various
cancer types [43], and is potentially useful for infectious diseases as well. For leishmaniasis,
however, the application of antigen tests has been limited mainly to diagnostics making use
of a urine-based latex agglutination assay (KAtex), which detects a heat-stable low-molecular-
weight carbohydrate antigen found in the urine of VL patients [26,44-46]. The method has
been successfully evaluated and compared to other methods for diagnosis of VL patients in
various geographical areas, ranging from East Africa to South Asia [3,26,47-55]. Even though
specificity was consistently high (98% to 100%) in these studies, sensitivity appeared to be
very low to moderate (48% to 95.2%), with a high discrepancy between studies. Studies
from India and Sudan indicated that the urine antigen detection test became negative in
cured VL patients at least 30 days after the end of treatment [48,49], indicating a possible
pharmacodynamic use of this assay.

Indirect markers

Macrophage-related markers

Leishmania parasites reside and replicate inside the phagocytic cells of the reticuloendothelial
system, mainly macrophages, increasing the overall macrophage biomass in the host.
Since the macrophage load also decreases again with waning parasitic infection, soluble
macrophage-related markers—specifically when produced by infected macrophages—are
potential semidirect biomarkers. Neopterin is a heterocyclic pteridine compound which is
synthesized by macrophages after gamma interferon (IFN-y) stimulation [56]. It is considered
an indicator of activation of cellular immunity. Increased neopterin production is found in a
broad range of diseases, e.g., in viral infections (HIV, hepatitis B and C) and infections due to
intracellular bacteria (tuberculosis, malaria). Serum neopterin concentrations were elevated
in VL patients compared to levels in controls and decreased to normal concentrations at the
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end of treatment in cured patients, whereas they were still significantly increased in refractory
patients [57]. Serum neopterin concentrations were not found to be elevated in CL patients
[58].

Adenosine deaminase (ADA), found particularly in macrophages and lymphocytes,
is a key enzyme in the breakdown of adenosine, a purine nucleoside that suppresses the
inflammatory responses. For VL, serum ADA activity was increased at diagnosis and returned
to almost normal concentrations at the end of therapy (day 30) in Nepalese and Indian
patients [59-62]. At diagnosis, activity appeared higher in VL patients than in malaria, leprosy,
or tuberculosis patients [60]. Also, in Turkish CL patients, adenosine deaminase was increased
at the time of diagnosis [63].

Cytokines

Recovery from VL is linked mainly to the CD4* T-cell-mediated cellularimmune response. More
specifically, the Th1-mediated response is generally associated with macrophage activation,
host resistance, and protection against Leishmania parasites, leading to control of disease.
Conversely, the Th2-mediated response is associated with downregulation of macrophage
activation and eventually progression of disease. Unfortunately, this distinction between
Th1 and Th2 activation is a simplified model, and many patients demonstrate a nonspecific
immune response profile.

The most studied cytokines are the proinflammatory cytokines IFN-y and tumor
necrosis factor alpha (TNF-a) and the regulatory cytokine interleukin-10 (IL-10). Plasma IL-10
was found to be increased in Indian patients with active VL and could be detected in the
keratinocytes and sweat glands of patients who eventually developed PKDL [64]. The increase
of IL-10 concentrations in VL patients was later confirmed in a range of countries, including,
among others, India, Brazil, and Ethiopia [65-77]. IL-10 levels were found to drop significantly
after successful treatment [66,70,73,78], to near-control levels 5 to 7 days posttreatment
[74]. Ansari et al. found no difference in pretreatment IL-10 levels between responsive and
unresponsive patients [74]. For CL, IL.-10 might be a possible pharmacodynamic marker
indicating treatment failure, as IL-10 mRNA levels in lesion biopsy specimens were found to
be positively associated with unresponsiveness to treatment [79,80]. Cured mucocutaneous
leishmaniasis (MCL) patients demonstrated a higher percentage of IL-10-expressing cells
pretreatment than relapsing patients [81]. Interestingly, IL.-10 was found to be positively
correlated with the parasite load in the blood of VL patients [17,70] and lesional tissue of PKDL
patients [82].

TNF-a is a cytokine produced mainly by activated macrophages. TNF-a levels
were found to be significantly increased in patients with active VL [77,83-85]; they declined
during treatment [85-89], and returned to healthy-control levels at the end of treatment
[84]. Unresponsive patients retained elevated levels of TNF-a [85]. In contrast, other studies
found minimal levels of this cytokine in Indian VL patients [74,90,91]. Moreover, TNF-a was also
present in asymptomatic VL patients [83], complicating the interpretation of TNF-a in cases
of VL. For CL patients, studies of TNF-a serum levels are contradictory; some studies found
elevated levels of TNF-a in the plasma of CL patients that decreased posttreatment compared
to healthy controls [92-95], but others could confirm this only for MCL patients [85,96]. TNF-a
mMRNA levels in lesion biopsy specimens were found to be positively correlated with lesion
size [80].

IFN-y is a critical soluble cytokine for innate and adaptive immunity against
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intracellular infections and is involved in the activation of macrophages. IFN-y levels were
found to be significantly elevated in patients with active VL, which was confirmed in a wide
range of countries: India [74,75], Bangladesh [70], Brazil [70,72,73,77], Ethiopia [67,68], Sicily
[66], and Iran [65]. During and after successful treatment, IFN-y levels were found to drop
significantly but remained elevated compared to levels in healthy controls [66,70,73,75,78]. In
contrast, Cenini et al. [84] showed that IFN-y levels returned to healthy-control levels at the end
of treatment. Moreover, IFN-y plasma concentrations appeared to be significantly higher after
the end of treatment in patients unresponsive to therapy than in responsive patients treated
with sodium stibogluconate (SSG) [74,75]. Discrepant results in asymptomatic VL patients
indicated that IFN-y was elevated in 48% of asymptomatic Brazilian patients but that it was
undetectable in the vast majority of asymptomatic Ethiopian patients [67,83]. Additionally, a
recent study of Brazilian pediatric VL patients showed that low levels of IFN-y were associated
with signs of severity, such as jaundice or hemorrhage [97]. In CL lesion biopsy specimens,
no significant difference in IFN-y levels could be found between patients with favorable and
unfavorable lesion evolutions [79].

For PKDL patients, the expression of the mRNA of the three cytokines IL-10, IFN-y, and
TNF-a in lesions was found to be significantly elevated compared to that in control tissues
[74,82]. After treatment, these levels were restored to near-control levels [74]. Ganguly et al.
found that IL-10 and IFN-y levels were significantly higher in patients with polymorphic PKDL
than in patients with macular PKDL [98].

Concerning patients with HIV-VL coinfection, only TNF-a and IFN-y serum levels
were still significantly elevated in HIV patients when they developed VL coinfection, while
IL-10 levels tended to decrease [99]. Also, compared to Chagas disease, dengue fever, and
tuberculosis patients, leishmaniasis patients showed high levels of TNF-a [70]. TNF-a and [FN-y
levels increased significantly when malaria patients developed a VL coinfection [100].

The interleukins IL-6 [74,75,77,84,101] and ILl-12 [65,67,69,70] (often measured as
the concentration of the subunit IL-12p40) were also found to be significantly increased
in the sera of VL patients. In Sudanese and Ethiopian VL patients, IL-6 returned to normal
concentrations within the treatment period [84,101] and seemed indicative of relapse events
[101]. However, IL-6 was not correlated with spleen/liver size [73]. Also IL-12 levels were found
to drop significantly within 30 days of treatment [73] and was largely absent in cured and
asymptomatic cases [67,69]. In contrast, in Bangladesh and Brazil, IL-12 was shown to be
elevated in asymptomatic VL cases [83,90]. Both interleukins also showed pharmacodynamic
potential in CL patients. IL-12 was correlated with unfavorable lesion evolution and lesion
duration [80,102]. IL-6 mRNA from biopsy specimens was correlated with lesion size, and also
IL-6 serum concentrations were found to be elevated in CL patients [80,94].

IL.-18 was also increased in patients with active VL compared to levels in healthy
controls [67]. Interestingly, a significant decrease in urinary IL-18 levels was detected during
treatment [103]. Urinary detection of biomarkers would be ideal due to its noninvasive
collection method.

Soluble CD40 ligand (sCD40L) (also called sCD154) was significantly decreased in
VL patients at diagnosis compared to levels in controls in areas of endemicity [70, 87]. During
treatment, sCD40L levels increased toward healthy control levels. However, similar CD40L
levels were found for Chagas disease and VL patients, which might cause specificity issues
[871.

—
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Cell-surface molecules and circulating receptors

Levels of circulating soluble cytokine receptors for IL-2 and IL-4 (sIL-2R and sIL-4R, respectively)
were elevated in patients with active VL, with higher concentrations of sIL4R than in patients
with other local and systemic parasitic infections [57,104-106]. Serum sIL-2R concentrations
correlated with Leishmania DNA serum levels [70] and significantly decreased during
treatment [57,70], but returned to normal only after several months [105]. At the start of
treatment, sIL-2R levels were also significantly higher in patients developing PKDL than
in patients not developing PKDL [64]. Additionally, mRNA levels of the IL-2R a-chain were
significantly elevated in lesions of PKDL patients before treatment and returned to control
levels posttreatment [82].

Circulating sCD4 and sCD8 were increased at the start of treatment and returned to
levels comparable to those in healthy controls within several months after treatment [57,105].
sCD8 was significantly decreased posttreatment in responders to therapy compared to levels
in nonresponders, making it a possible suitable pharmacodynamic marker [57].

Serum levels of the soluble receptors for TNF (sSTNFRs) were significantly elevated in
patients with activeVL comparedtolevelsin controlsin areas of endemicity and nonendemicity
[91]. Responding patients showed a steep decrease in sTNFR levels already at day 15 during
treatment, in contrast to nonresponders [86,91].

Acute-phase proteins

Acute-phase proteins widely used as clinical markers of inflammation and infection, which
increase during many (non)infective inflammatory diseases and malignancies, also increase
during VL. C-reactive protein (CRP), serum amyloid A protein (SAA), and alpha-1-acid
glycoprotein (AGP) were increased in Kenyan VL patients upon diagnosis and reached normal
levels before or at the end of treatment (SAA and AGP) or at 60 days posttreatment (CRP) [107].
Elevation of CRP levels was confirmed for Indian patients with active VL [75]. Interestingly,
pretreatment CRP levels were lower in patients responding fast to treatment than in slow-
responders, with lower splenic parasite counts [107], which was confirmed in a large Indian
pediatric VL cohort [108]. An increased pretreatment CRP concentration in VL patients was
associated with the development of PKDL [109], while CRP levels were not significantly
elevated in PKDL patients. However, the specificity of acute-phase proteins in the monitoring
of VL treatments is probably low, as they are increased in a myriad of other infectious and
noninfectious inflammatory illnesses.

Other markers

Arginase catalyzes the metabolism of l-arginine into I-ornithine and urea. The resulting
diminishing bioavailability of I-arginine is regarded as a potent mechanism of immune
suppression and impairment of T-cell responses. In patients with active VL and CL, arginase
activity in plasma was found to be significantly increased, and levels returned to control levels
for VL patients during SSG treatment [110,111]. VL-HIV coinfection patients appeared to have
increased arginase activity compared to VL patients, both in plasma and peripheral blood
mononuclear cells (PBMCs) [112]. In PKDL patients, arginase activity declined after miltefosine
treatment but not after SSG treatment [113].

Antibody-detection
All of the current first-line diagnostic serological tests for VL are antibody detection tests
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[114,115]. Two serological tests are currently being used in the field: the direct agglutination
test (DAT), based on numbers of killed whole L. donovani promastigotes, and the recombinant
K39 (rK39)-based immunochromatographic antibody detection test. Other antigen-based
assays have been developed for Leishmania antibody detection, using (recombinant) proteins
rK9, rk26, rk28, Leishmania infantum cytosolic tryparedoxin peroxidase (LicTXNPx), rgp63,
rLepp12, recombinant open reading frame F (fORFF), BHUP2, rKLO8, rHSP70, guanylate
binding protein (GBP), galactosyl-a(1-3)galactose, 9-O-acetylated sialic acids, recombinant
peroxidoxin, and amastin [116-130]. Unfortunately, antibodies against Leishmania parasites
exhibit a long half-life and stay detectable for several months up to several years after an
infection [tested by the DAT and for galactosyl-a(1-3)galactose, LicTXNPx, rk26, rk39, and
BHUP2] [49,120,121,131-141], which compromises the diagnosis of a relapse case and also
the pharmacodynamic application of these markers. However, it was found that for some
antibodies (against the recombinant Leishmania antigens rH2A, KMP11, the "Q" protein, and
9-O-acetylated sialic acids), the levels do decrease significantly 30 to 60 days after treatment
[129,142]. Furthermore, 1 week posttreatment, only ~40 to 50% of patients gave a positive
signal for rLepp12, compared to 100% for rk39 and for direct agglutination [125]. Though
not very sensitive (44%), Leishmania-specific immunoglobulin E (L-IgE) has been suggested
to be a specific (98.3%) marker of active VL disease (L. chagasi), although it is undetectable
at subclinical levels in VL patients, Chagas disease patients, and healthy controls [143-145].
Moreover, increased L-IgE concentrations were demonstrated to regress to normal values
during the time span of treatment [143,145,146]. In cases of atypical cutaneous leishmaniasis,
IgE levels were not significantly different from those of asymptomatic or healthy controls
[147]. Anam et al. [144] also hinted at a possible (diagnostic) role for L. donovani-specific
lgG3 antibody isotype detection. While the IgG3 antibody level decreases significantly
posttreatment [148,149], the pharmacodynamic value of this marker is probably very low, as
the time to normalcy for IgGs is longer than 3 months for both CL and VL patients [150-154].

Besides the drawback of the long half-lives of antibodies, antibody detection tests
tend to be positive in a significant proportion of noninfected or otherwise asymptomatic
individuals living in areas where VL is endemic [135,155,156]. Due to these crucial limitations
in the use of antibodies to monitor therapies, these markers are excluded from Supplementary
table 1.

DISCUSSION

General issues pertaining to the pharmacodynamic potential of biomarkers
Our systematic literature review identified 53 biomarkers for VL, CL, and/or PKDL. Several
general issues might limit their pharmacodynamic potential. First, the large majority of
biomarkers were evaluated only for their diagnostic use. Leishmaniasis patients were generally
compared to healthy controls before the start of their treatment. Only a few VL studies have
focused on differentiating active, clinical disease from subclinical or asymptomatic disease,
although this might potentially be an interesting approach to demonstrate the Th1/Th2
paradigm. When a biomarker was evaluated for its ability to monitor a treatment effect, it
was almost always done by comparison of pre- and posttreatment concentrations, without
repeated longitudinal measurements. Therefore, the pharmacodynamic potential of most
biomarkers remains difficult to assess based on the available literature.

Second, most identified biomarkers for leishmaniasis are indirect markers, ie.,
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universal markers of activation and the subsequent waning of cellular immunity. As a result,
specificity may be low compared to that for patients suffering from common concomitant
infections. Interestingly, a few biomarkers (TNF-a, CCL3, and CCL4) have been shown to be
specific for HIV-VL coinfection patients rather than HIV patients. Other biomarkers (ADA and
sIL4R) were elevated in patients with VL, but not malaria, indicating a possible value in malaria-
VL coinfection. Despite these exploratory results, the majority of markers have not been tested
against the most common VL coinfections, and further research is needed to establish their
specificity as biomarkers.

Thirdly, multiple studies focused on correlating biomarker levels to clinical features
of CL (e.g, lesion size), while this correlation was generally ignored for VL. In general, more
emphasis should be put in future clinical trials on establishing a correlation between the
studied biomarkers and clinical parameters.

Fourth, the time needed to regress to normalcy for the biomarkers (characterized
by their elimination half-lives) remains a concern. For instance, almost all of the antibody-
related markers have a very long elimination half-life of up to several months and stay present
in the body long after the actual parasitic infection has been resolved. Their potential for
pharmacodynamic monitoring of antileishmanial treatment is therefore probably negligible.
Leishmania antigen detection might be more promising in that respect; however, this has
been investigated mainly in the context of a diagnosis of VL, with only limited attention paid
to repeated quantitative measurement during and after treatment. The less specific indirect
markers, for example, AGP and TNF-q, often show preferable time-to-normalcy values.

Lastly, the practical feasibility, in terms of cost, invasiveness, and laboratory
requirements, is an additional concern. The preferred sample matrix for a biomarker should be
noninvasive (e.g., urine or saliva). All identified biomarkers were measured in blood or biopsy
specimens, except for IL-18 and KAtex, both of which can be measured in urine. Though this
review focused on biomarkers within the context of a clinical trial setting, it is important to note
that equipment-free procedures not requiring a cold chain are required for the application of
pharmacodynamic biomarkers in routine settings.

Selection of potential pharmacodynamic biomarkers
In this section, we will highlight and critically appraise the application of a selection of
potential pharmacodynamic biomarkers, with some recommendations for research priorities.

Direct biomarkers

Recently, the quantitative application of molecular parasite detection methods as a
pharmacodynamic measure was demonstrated, both in VL and CL. While this method
measures the parasite directly and therefore is theoretically the most promising biomarker,
there are some issues. First, the sensitivity of this marker for VL is relatively low (~80%) and
seems to vary between geographical regions [27,28]. The parasite loads appear to decrease
with clinical cure but are undetectable before clinical cure can be established. The parasites
reside within the spleen, bone marrow, and liver, and plasma is therefore only a proxy reservoir
of the parasite. Additionally, it remains unknown what the predictive value is of blood parasite
loads in relapsing patients and controls in areas of endemicity. Last, it is unsuitable for routine
monitoring due to its high costs (considering the ~€30/sample material costs and the required
state-of-the-art laboratory equipment and trained technicians, this tool can be used only in a
clinical trial setting).
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Another direct biomarker with potential is the Leishmania carbohydrate antigen,
which forms the basis for the diagnostic KAtex test. One of the biggest advantages of this
biomarker is that it can be detected in urine. Its specificity is consistently high, but its sensitivity
appears variable, which may make it suitable only in controlled settings. The Leishmania-
specific antigen can be assessed quantitatively by enzyme-linked immunosorbent assay
(ELISA), which makes it easier to adopt at primary health care facilities than the molecular
detection methods.

Indirect biomarkers
Of the indirect biomarkers, the most promising are the macrophage-related markers, as these
are directly related to parasitic infection of macrophages. ADA activity is increased in patients
with VL and CL, returns to normal during treatment, and shows promising results in patients
with HIV-VL coinfection. Unfortunately, this marker has no proven geographical applicability,
and there are no data on the relation between ADA activity levels and clinical outcome.
Though most cytokines demonstrated a lack of specificity, a range of them showed
promising results with regard to the other evaluation criteria. IL-10 correlated with the parasite
load at the time of diagnosis, decreased during treatment, and was even associated with
the occurrence of PKDL. However, IL-10 was increased as well in subclinical cases, which
complicates its interpretation, certainly in the context of parasite recrudescence. Although
studies from different regions contradict each other on its sensitivity, TNF-a shows the
highest specificity in comparison to other cytokines, indicating that it might be applicable as
a biomarker in certain regions of endemicity. Levels of other indirect markers (e.g., STNFR, IL-
6) appeared predictive for clinical outcome but require further evaluation with regard to the
other criteria for us to be able to draw conclusions on their potential. A practical advantage of
cytokines is that their ELISA kits are relatively low in cost and may be implemented on a large
scale, even though a basic laboratory is still required.

CONCLUSIONS & FUTURE PERSPECTIVE

The biomarkers identified in this systematic review have been evaluated mainly for diagnostic
purposes and do not (yet) meet the requirements for monitoring of clinical outcome as
surrogate endpoints in clinical trials. Most promising for the application in pharmacodynamic
evaluations are the highly specific direct biomarkers (DNA/RNA or antigenic markers), which
appear to have a good correlation with clinical outcome. However, future research should
specifically focus on the identification of optimal molecular and antigenic targets to increase
the sensitivity of these tools. Macrophage-related markers are theoretically the most promising
of the indirect markers, as they are directly linked to macrophage (and possibly parasite) load.
Though neopterin and ADA have shown high sensitivity and geographical applicability as
biomarkers, more evidence is needed to confirm their potential in predicting clinical outcome.
Indirect markers, such as IL-10 and TNF-a, have demonstrated high sensitivity and seem to
indicate clinical outcome. Nevertheless, given the lack of specificity and the complexity of the
immunological response associated with VL infection, it is unlikely that a single immunological
biomarker will be suitable to accurately monitor treatment response. These markers can still
be of use in well-controlled trials with sufficient exclusion of concomitant diseases. However,
they are not suitable for application in routine clinical care, as in that case, the biomarker
should be able to discriminate clinical outcome at the level of an individual patient. Additional
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efforts are needed to investigate the applicability of combinations of cytokines as biomarker
profiles to monitor treatment outcome at the patient level.

In general, future biomarker research should extend its focus to biomarkers'
pharmacodynamic potential by correlating longitudinal quantitative assessments of the
marker (i.e., the marker concentration-time profile in response to therapy) to multiple clinical
parameters.

The coming of age of new treatment options for leishmaniasis was long and eagerly
awaited, but now that this moment approaches, we urgently need better and more accurate
tools to evaluate their potential superiority over existing regimens and rationalize their dosing
schedule. Evaluation of pharmacodynamic biomarkers is therefore of crucial importance to
optimize and accelerate drug development for this neglected tropical disease.
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ABSTRACT

Visceral leishmaniasis (VL) is caused by the Leishmania parasite, which replicates within
host macrophages, increasing overall macrophage biomass, which subsequently decreases
again with waning parasitic infection. The aim of this study was to evaluate neopterin - a
macrophage activation marker - as possible pharmacodynamic (PD) marker to monitor VL
treatment response, for which recrudescence of parasites (relapse) is a long-term event that is
difficult to predict. 497 plasma samples were collected from VL patients in Sudan and Kenya
receiving a 28-day miltefosine monotherapy (48 patients) or 11-day combination therapy
of miltefosine and liposomal amphotericin B (.FAMB, 48 patients). Neopterin was quantified
with ELISA. Values are reported as median (inter-quartile range). Baseline neopterin levels
were elevated in all VL patients at 98.8 (63.9-135) nmol/L compared to normal (<10 nmol/L),
regressing towards normal levels during treatment. During the first treatment week, levels
remained stable for monotherapy patients, but decreased two-fold for combination therapy
patients. In combination therapy, neopterin concentrations one day after L-AMB infusion
were significantly higher for cured (137 (98.5-197) nmol/L) than for relapsing patients (84.4
(68.9-106) nmol/L), possibly implying an instant immunomodulatory effect of L-AMB on the
pro-inflammatory response. The neopterin variable with the highest predictive power of
relapse was the increase in neopterin concentration within one month after treatment (ROC
AUC of 0.84): at a 1.08 concentration increase ratio, the sensitivity was 93% with a specificity
of 65%. This ratio could potentially be used as a surrogate endpoint to identify patients at
risk of relapse earlier in the development of new treatment regimens, possibly in a panel of
biomarkers to increase its specificity.
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INTRODUCTION

Visceral leishmaniasis (VL) is a systemic disease caused by the Leishmania parasite. Affecting
mostly the poorest of the poor, it remains a high-morbidity neglected tropical disease with
over 200,000 new cases and over 20,000 deaths annually [1]. New efficacious, affordable and
safe treatments for this devastating disease are urgently needed.

In the last decade, there has been a surge in clinical drug development in VL [2].
As parasite recrudescence occurs in a relatively large proportion of VL patients [3-5], the
follow-up period to determine efficacy of new treatment regimens is normally six or even
twelve months. To speed up the process of assessing the efficacy of new treatment regimens,
sensitive and specific early markers are required that can predict long-term clinical outcomes,
to be used in an adaptive trial design with interim analysis. As yet, no longitudinal evaluations
of pharmacodynamic markers have been performed in the evaluation of anti-leishmanial
therapies [6].

The Leishmania parasite resides and replicates within macrophages. Effective control
of VL infection is associated with a protective cellularimmune response involving interferon-y
(IFN-y) producing CD4* and CD8" cells, activating macrophages to produce free radicals that
kill the intracellular Leishmania parasites. Leishmania infection causes an increase in monocyte
load in the infected organs [7,8] and this influx of immature macrophages is required for
granuloma formation and the capacity of macrophages to respond to interferon-y (IFN-y) [8].

Neopterin, a pteridine biosynthesized from guanosine triphosphate, is excreted
by activated macrophages/monocytes and its production therefore mirrors the activation
of cellular immunity. The main stimulus for neopterin production is the pro-inflammatory
IFN-y released after T-lymphocyte activation (reviewed in [9,10]). In theory, neopterin release
would rise in VL due to macrophage activation and increase in macrophage load during
active disease, and subsequently decrease with waning parasitic infection. After its synthesis,
neopterin is metabolically stable and excreted via the kidneys by both glomerular filtration
and tubular secretion, with a total clearance of 499+79.7 mL/min [11].

Average healthy control neopterin levels (+SD) are 6.78+3.6 nmol/L (n=263) and
5.34+2.7 nmol/L (n=359) for children (<18y) and adults, respectively [12]. In general, 10 nmol/L
is taken as the upper limit of normal for healthy control neopterin concentrations. Given that
neopterin is released upon macrophage activation, increased neopterin levels are associated
with a variety of conditions involving cellular mediated immunity, such as acute viral infections
(hepatitis, rubella), intracellular bacterial infections (tuberculosis, leprosy), parasites (malaria)
and more (reviewed in [9]). Pre-treatment neopterin levels in VL patients were previously
found to be significantly elevated compared to healthy controls with mean concentrations of
32 nmol/L in patients from the Leishmania chagasi VL-endemic region Bahia in Brazil [13] and
40 nmol/L in Dutch and Kenyan VL patients [14]. Successful antimonial treatment significantly
decreased neopterin levels to healthy control-levels in treatment responders at 30 days post-
treatment, but not in refractory patients [13].

The aim of this study was to further evaluate the potential of neopterin as a predictive
biomarker in VL in a larger patient population of 96 VL patients by longitudinal neopterin
measurements during treatment and up to six months after treatment. In this study, neopterin
levels were analysed in VL patients in Kenya and Sudan infected with Leishmania donovani
receiving either miltefosine monotherapy ora combination therapy of liposomal amphotericin
B (L-AMB) and miltefosine. The objective of this study was to characterize neopterin kinetics
over time. More importantly, differences in neopterin kinetics between patients that were
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cured and patients that required rescue treatment during or within six months after treatment
were evaluated to investigate whether neopterin could be a novel and reliable biomarker for
the prediction of treatment relapse in VL patients.

METHODS

Study design and clinical sample collection

Neopterin concentrations were determined as part of a randomized multicentre trial assessing
the safety and efficacy of different VL treatments in Eastern Africa [15]. Eligible patients were
primary VL cases with parasitological confirmation of VL, aged between 7 and 60 years, HIV
negative, and without concomitant severe infection or co-morbidities. Samples originated
from patients receiving either a 28-day 2.5 mg/kg/day miltefosine monotherapy (48 patients),
or a combination treatment of one dose 10 mg/kg L-AMB on day 1 of treatment, followed
by a 10-day 2.5 mg/kg/day miltefosine treatment (48 patients). The study was carried out
at three VL treatment centres located in endemic areas: two in Sudan (Dooka and Kassab
hospitals) and one in Kenya (Kimalel health center). The study was approved by the national
and local Ethics Committees in Kenya (Kenya Medical Research Institute) and Sudan (Institute
of Endemic Diseases). The study was explained to all subjects or parents/guardians in their
own language and written informed consent was provided before enrollment in the study.

The clinical results and pharmacokinetic analysis of the study are reported elsewhere
[15]. Patients that required rescue treatment during treatment or patients who had a fatal
outcome before the end of treatment were indicated as"initial treatment failure”. Final cure was
determined at six months after the end of treatment (day 210). Patients indicated as “relapse”
were cured at the end of treatment, but received rescue treatment within six months after
treatment due to reappearance of VL clinical signs and symptoms and parasite recrudescence
confirmed by microscopy.

To decrease the invasiveness of sampling for patients, neopterin concentrations were
quantified in the same samples collected for miltefosine pharmacokinetic analysis [15]. For
this reason, baseline samples were taken on the first day of miltefosine treatment before the
first miltefosine dose, which in the combination therapy was one day after the L-AMB infusion
(study day 2). Real baseline samples were thus only available in the miltefosine monotherapy
treatment arm, but were assumed to be equal in the combination therapy arm, since patients
were randomized and were balanced with respect to baseline characteristics [15]. Further
sampling was performed on study days 4, 7, and 11 (combination therapy), or study days 3,
7,14 and 28 (monotherapy); and both groups had two samples collected during follow-up
at one (day 60) and six months (day 210) after treatment. Plasma was collected from sodium
heparin whole blood. Samples were stored and transported at nominally -20°C until analysis.

Analytical method

Neopterin was determined in patient plasma samples with a commercially available ELISA
kit (Demeditec, Kiel-Wellsee, Germany), following the manufacturer’s instructions. Two
calibration curves (0, 1.35,4.0,12.0,37.0, 111 nmol/L) were included in every analysis together
with two quality control samples in duplicate. Samples above the upper limit of quantitation
were reanalyzed in a 10x dilution with a dilution buffer provided by the manufacturer. The
optical density (OD) was measured at 450 nm by an Infinite® M200 Microplate Reader (Tecan,
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Mannedorf, Switzerland). The OD values were converted to neopterin concentrations from
the standard curve using a 4 parameter nonlinear logistic regression model in Prism (version
6.0, GraphPad, La Jolla, CA, USA).

Incurred sample reanalysis was performed for 4% of all samples. The acceptance
criterion was adapted from FDA guidelines for bioanalytical method validation [16], and
stated that at least two-thirds of the analysed concentrations should be within 20% deviation
of the initially analysed concentration.

Neopterin plasma stability at -20°C was reported to be at least six months (in
ELISA kit). As incurred sample reanalysis was performed >1.5 years after initial analysis for a
proportion of samples, these results were used to assess the influence of long-term storage
on neopterin quantification.

Statistical analysis

Data cleaning and interpretation was performed with R (version 3.1.2) and packages ‘ggplot2’,
“Hmisc’, and “plyr”. All values are reported as the median (IQR, interquartile range). In the
display of results, nominal time points are depicted instead of actual time points.

Various neopterin variables — absolute neopterin concentrations or relative neopterin
concentration changes over time, at different time points during and after treatment - were
evaluated for their ability to reliably discriminate between patients that were cured and
patients that failed treatment or relapsed. When statistically comparing cured versus relapsed
patients, absolute and log-transformed data were checked for normality and equal variances.
In general, the two-sided t-test on log-transformed data was used when comparing groups,
unless indicated otherwise.

Subsequently, a logistic regression was performed in R to evaluate the significance of
the evaluated neopterin variable as a predictor of clinical outcome. Finally, receiver-operating
characteristic (ROC) curves were generated with the R package pROC. The interplay between
sensitivity and specificity of neopterin as biomarker in isolation was interpreted and the
optimal cut-off value was determined with the same package.

RESULTS

Patient population, samples and quality control

A total of 497 plasma samples were available for a total of 96 patients; 48 patients in
combination therapy and 48 patients in monotherapy. In both treatment arms, 2 patients
experienced initial treatment failure and received rescue treatment before or at the end of
treatment. Six patients in the combination therapy arm and nine patients in the monotherapy
arm that were initially cured, relapsed within six months of the end of treatment. Samples of
patients that received rescue treatment during treatment were only included in the data up
to the day they received rescue treatment; subsequent samples were omitted (n=4).

Patient characteristics are depicted in Table 1. Age distribution and gender ratio were
comparable between the two treatment arms. When considering initial treatment failure and
relapse cases together, treatment failure was more common in children (n=14) than adults
(n=5). Patients that relapsed received rescue treatment between day 63 and 217, with the
median at day 112, approximately 3 months after treatment.

During treatment, the actual time point for taking samples was within +15% of the
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Table 1. Demographics of patients included in neopterin analysis.

Parameter Both arms Combination Monotherapy Significance
therapy arm arm

Total no. of patients 96 48 48 ns.?

Female patients [no. (%)] 13(13.5) 6(12.5) 7(14.6) ns?

Pediatric patients (<12 yr) [no. (%)] 47 (49.0) 26 (54.2) 21(43.8) n.s?

Age (yr) 15 (7-41) 14 (7-30) 15 (7-41) ns.

Body weight (kg) 36 (15-65) 35(15-59) 37 (16-65) ns.

Treatment outcome

Patients with initial failure [no. (%)] 4(4.2) 2(4.2) 2(4.2)
Patients with relapse [no. (%)] 15(15.6) 6(12.5) 9(18.8) n.s.c
Patients that cure [no.(%)] 77 (80.2) 40(83.3) 37(77.1)

Treatment centers

Kimalel, Kenya [no. (%)] 49 (51.0) 25(52.1) 24 (50.0)
Kassab, Sudan [no. (%)] 13(13.5) 6(12.5) 7(14.6) ns.c
Dooka, Sudan [no. (%)] 34(354) 17 (35.4) 17 (35.4)

Allvalues are given as median (range), unless stated otherwise.
“Fisher exact test; ® Wilcoxon u-test; “Chi-square test

nominal time point for taking samples. During follow-up the spread in actual time points
was wider, with day 60 at 54-157 days and day 210 at 185-345 days after start of treatment.
However, for these time points still >85% of samples were collected within +15% of the
nominal time point.

For all runs, quality control samples were within the acceptable range according
to ELISA kit specifications. Incurred sample reanalysis was found to be acceptable (>95% of
reanalysed samples were within +20% deviation of original concentration). Incurred sample
reanalysis was also acceptable for the subset (n=12) of samples analysed >1.5 years after initial
analysis (11 out of 12 within £20% deviation). This indicates adequate stability of neopterin in
plasma for at least 1.5 years when stored at -20°C.

Baseline neopterin concentrations in active VL patients

As indicated previously, day 1 samples were collected on the first day of miltefosine treatment
before the first miltefosine intake, which for the combination therapy was one day after [-AMB
infusion (study day 2). True baseline samples were thus only available for the 46 patients in
the monotherapy arm. Baseline neopterin levels were above the upper limit of normal (>10
nmol/L) in all VL patients in the monotherapy arm at 98.8 nmol/L (IQR 63.9-135), before the
first miltefosine dose (Figure 1). There was a trend towards higher neopterin baseline levels in
monotherapy patients cured at the end of treatment (104 nmol/L, IQR 64.9-154) compared
to patients requiring rescue therapy during treatment, or within six months after treatment
(75.7 nmol/L, IOR 65.4-102) although this was not significant (p=0.448, Table 2). There were
no significant differences in baseline neopterin levels between age categories, country and
gender.
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Table 2. Median neopterin concentration split per treatment arm and treatment outcome.

Relapse

Neopterin Neopterin Significance
concentration (hnmol/L)  N= concentration (nmol/L) (p-value)

Combination therapy

Day 2 37 136.6 (98.5-197) 8 84.4 (68.9-106) 0.05395°
Day 4 12 123.9 (60.2-305) 2 84.2 (83.6-84.7) 0.5495°
Day 7 36 58.2(38.8-95.1) 6 37.7 (33.1-49.6) 0.1268°
Day 11 36 35.0(254-53.3) 7 28.1(19.4-38.3) 0.3424°
Day 60 36 26.3 (14.7-40.2) 5 54.0 (42.0-69.4) 0.01969*
Day 210 28 16.9 (12.0-23.0) 5 154 (12.1-17.5) 0.8223°
Monotherapy
Day 1 35 103.6 (64.9-154) 1 75.7 (65.4-102) 0.448°
Day 3 14 111.3 (84.6-156) 1 320 (N/A) 0.2667°
Day 7 36 93.7 (75.8-162) 9 77.8 (60.1-135) 0.2928°
Day 14 34 43.5(286-68.1) 10 33.3(206-117) 0.9293¢
Day 28 35 22.1(16.5-35.9) 10 21.2(14.1-42.5) 0.5448"°
Day 60 36 23.9(14.2-37.6) 9 406 (19.1-61.6) 0.18232
Day 210 30 13.5(12.0-22.5) 5 10.7 (9.4-72.4) 0.9091°

Allvalues are given as median (inter-quartile range), unless stated otherwise. *p<0.05
“Two-sample t-test on log-transformed neopterin concentrations

bWilcoxon U-test on absolute neopterin concentrations

“Welch Two-sample t-test on log-transformed neopterin concentrations with unequal variance
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Figure 1. Individual baseline neopterin concentrations (median indicated with horizontal line) in the monotherapy treatment
arm - for which baseline samples were available - stratified for patients that were cured (“Cure’, n=35) and patients that received
rescue treatment during or within six months after treatment (“Rescue’, n=11). The dotted line indicates the upper limit of
normal in healthy controls (10 nmol/L).
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Neopterin kinetics in two different treatment arms

Interestingly, one day after L-AMB infusion and before the first miltefosine dose, neopterin
concentrations in the combination therapy arm were significantly higher (137 nmol/L, IQR
98.5-197) in cured patients, compared to the aforementioned baseline concentration of 98.8
nmol/L in the monotherapy arm (p<0.01). For patients on combination therapy that were
initial treatment failures or relapses, neopterin levels were not higher than baseline within one
day after L-AMB infusion (84.4 nmol/L, IQR 68.9-106, Table 2).

Figure 2 depicts the differences in neopterin kinetics between the two treatment
arms. For both treatment arms neopterin levels regress during treatment to comparable
end of treatment concentrations of 33.6 nmol/L (IQR 21.3-52.0, combination therapy, day
11) and 21.9 nmol/L (IOR 16.3-40.0, monotherapy, day 28). There is, however, a difference in
the rate of neopterin decline between the two treatment arms. After the aforementioned
surge in neopterin concentration during the first treatment day, neopterin concentrations
decreased two-fold within the first seven days of treatment in the combination therapy
arm to 55.1 nmol/L (IR 37.2-83.2), while neopterin levels remained unchanged in patients
receiving monotherapy with a concentration of 91.3 nmol/L (IQR 65.9-158) after the first week.
Interestingly, for both treatment arms, day 210 neopterin concentrations were still elevated
(15.5 nmol/L IQR 10.5-22.3, combination therapy, 13.5 nmol/L IQR 11.4-22.9, monotherapy)
compared to the normal healthy control levels of <10 nmol/L.

200

1004

504

20+

Neopterin concentration (nmol/L)

Time (days)
Treatment arm —— Combination therapy — : Monotherapy

Figure 2. Dynamics of median neopterin concentrations in visceral leishmaniasis patients undergoing a combination therapy of
L-AMB and miltefosine (solid line) or miltefosine monotherapy (dashed line). Error bars represent the inter-quartile range (IQR).

Predictive value of neopterin levels for treatment outcome
Animportant aim of the appraisal of neopterin as a pharmacodynamic biomarker was to relate
differences in neopterin levels to clinical outcome using practically evaluable parameters. We
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compared absolute neopterin concentrations for treatment cure and failure per treatment
arm per time point (Table 2). In addition, we also evaluated relative changes in neopterin
dynamics.

Predictive value of absolute neopterin levels for treatment outcome

As described in the previous paragraph, patients on combination therapy that were cured
showed significantly higher neopterin concentrations on study day 2 (one day after L-AMB
infusion) compared to baseline, which was not observed for patients failing treatment
or relapsing. In the same treatment arm, patients that relapsed had a significantly higher
neopterin concentration of 54.0 nmol/L at day 60, compared to cured patients (26.3 nmol/L,
p<0.05, Table 2). The same trend was observed for the monotherapy treatment arm, though it
was not significant (Table 2). When combining the two treatment arms, relapsed patients also
showed significantly higher neopterin concentrations (48.0 nmol/L, IQR 29.2-67.5) compared
to cured patients (24.9 nmol/L, IOR 14.2-38.9) at day 60 (p<0.05).

Absolute neopterin concentration at day 60 was a significant predictor of relapse
in both arms combined and in the combination therapy arm (p<0.05), but not for the
monotherapy arm alone.

ROC curves of these parameters are depicted in Figure 3. The area under the curve
(AUC) of the ROC was evaluated to assess the parameter’s ability to discriminate between
patients that were cured and patients that relapsed. In the combination therapy arm, absolute
neopterin concentration at day 60 was the best predictor of relapse with an AUC of 0.82 (Cl
0.68-0.96) and optimal threshold value of 39.7 nmol/L with corresponding sensitivity of 100%
and specificity of 75%. In the monotherapy arm, the absolute neopterin concentration at day
60 was a less reliable predictor of relapse (AUC 0.65), with an optimal cut-off value of 40.2
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Figure 3. Receiver operator characteristic (ROC) curves of absolute neopterin concentrations as predictors of clinical relapse.
Combination therapy is indicated as “COMBI", monotherapy as “MONO” and data of the two arms combined as “BOTH". AUC
represents the integrated area under the ROC curve. Cl refers to the confidence interval of the calculated AUC. Note that day 1
(D1) neopterin concentrations are evaluated as predictor of cure (cure=1, relapse=0) and day 60 (D60) neopterin concentrations
are evaluated as predictor of relapse (relapse=1, cure=0).
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nmol/L and corresponding sensitivity of 56% and specificity of 81%.

Despite the significantly higher neopterin concentrations on study day 2 in
combination therapy patients that were cured, this parameter is not a significant predictor of
final cure (p=0.0853). The ROC AUC was 0.74 (Cl 0.56-0.92) with an optimal threshold value of
122 nmol/L, corresponding to a sensitivity of 62% and specificity of 88%.

Predictive value of relative neopterin levels for treatment outcome
Interestingly, an increase in neopterin concentrations was observed for relapsing patients
between end of treatment and day 60 (Table 2), but not for cured patients. Neopterin plasma
concentrations at end of treatment and day 60 were available for 80 patients. Relapsing
patients (n=14) experienced a significant increase in neopterin levels during the first month
after treatment in comparison to patients that remained cured: the ratio of the day 60
neopterin concentration divided by the neopterin concentration at the end of treatment
(D60/EOT neopterin concentration ratio) was 2.2 (IQR 1.5-2.8) for patients who relapsed versus
0.78 (IQR 0.53-1.4) for patients who were cured at day 210 (p<0.001, Welch t-test on log-
transformed data). For patients that relapsed, there was no correlation between the D60/EoT
neopterin concentration ratio and the day they received rescue treatment (linear regression
R?=-0.009).

The D60/EoT neopterin concentration ratio was a significant predictor of relapse for
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Figure 4. D60/EoT neopterin concentration ratio, for cured patients (n=66) and patients that relapsed after treatment (n=14).
The dashed line indicates no difference within one month after end of treatment (combination therapy: day 11, monotherapy:
day 28). Dots indicate individual observations, the horizontal lines the median per group. ** p<0.001, Welch t-test on log-
transformed data.
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both arms combined (p<0.001), and the monotherapy (p<0.01) and combination therapy
(p<0.05) separately.

ROC curves for the use of the D60/EoT neopterin concentration ratio to predict
relapse of disease are depicted in Figure 5. The calculated AUC was 0.84 and the optimal
threshold ratio was 1.08 with a sensitivity of 93% and a specificity of 65%. Also, when evaluating
the treatment arms separately, AUCs were comparable with optimal threshold values of 0.79
(sensitivity 100%, specificity 56%) for the combination therapy and 1.08 (sensitivity 100%,
specificity 65%) for the monotherapy.
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Figure 5. Receiver operator characteristic (ROC) curves of D60/EoT neopterin concentration ratio as predictor for treatment
failure (relapse=1, cure=0). Combination therapy is indicated as “COMBI", monotherapy as “MONO” and data of the two arms
combined as “BOTH". AUC represents the integrated area under the ROC curve. Cl refers to the confidence interval of the
calculated AUC.

DISCUSSION

This study is the first to investigate the kinetics of neopterin, a known macrophage
activation marker, during treatment and follow-up of VL. Longitudinal analysis of neopterin
concentrations during and after miltefosine monotherapy or L-AMB + miltefosine combination
therapy, revealed a different profile of neopterin kinetics for the two treatment arms, implying
a difference in the drug elicited immune reaction.

Increased neopterin concentrations in VL patients: issue of specificity

This study confirms the increased plasma neopterin concentrations of VL patients prior to
treatment, though at a higher baseline neopterin level of 98.8 nmol/L as compared to the
previously reportedlevels of 32 nmol/L[13]and 40 nmol/L [14]. One possible explanation could
be that patients in this study were infected with a different Leishmania subtype (L. donovani),
compared to the patients included in previous studies (L. chagasi [13], not documented [14]).
Neopterin is a nonspecific marker of activated cell-mediated immunity and therefore its
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concentrations are elevated in a large range of infectious diseases [17]. This is an important
drawback of its applicability as a pharmacodynamic marker in clinical practice at an individual
patient level. The 98.8 nmol/L baseline neopterin level in VL before treatment, however, was
higher than observed in other infectious diseases, such as HIV (depending on the stage 16.9-
50.0 nmol/L [18]), tuberculosis (21-37.3 nmol/L [19-21]), malaria (21-58 nmol/L [22,23]) and
schistosomiasis (17.8 nmol/L [24]). Even HIV co-infected tuberculosis patients had lower
baseline neopterin levels (54 nmol/L [19], 24 nmol/L [20]). However, neopterin concentrations
at end of treatment and on day 60 were generally at lower concentration levels, comparable
to observed concentrations in other infectious diseases. Therefore, the D60/EoT concentration
ratio analysis might be more prone to specificity issues in the case of co-infections.
Depending on the purpose of use, the minimally acceptable characteristics of
pharmacodynamic biomarkers concerning sensitivity and specificity will differ. Requirements
for specificity are less strict in a clinical trial setting, as concomitant disease is often an exclusion
criteria. This means neopterin would still be applicable in a well-controlled clinical setting.

Possible differences in immune dynamics between treatment arms

In VL, the activation of CD4* T cells and differentiation into Th1 cells is crucial for the
production of pro-inflammatory IFN-y and the subsequent promotion of parasite killing in
infected macrophages [25]. CD4* cells produce IL-12 to activate IFN-y production in T cells.
The increased baseline neopterin concentration in VL patients indicates an activation of the
Th1 response, as neopterin is a product of pro-inflammatory Th1 activation.

Amphotericin B and its lipid formulation have been found to have differential
immunomodulatory properties in vitro [26]. While amphotericin B deoxycholate is associated
with a strong pro-inflammatory effect, - AMB has been found to downregulate pro-
inflammatory cytokines by diverting signalling from TLR2 to TLR4 in vitro [27,28]. The initial
surge in neopterin levels within one day after the L-AMB infusion in cured patients, however,
suggests that a direct immunomodulatory effect of [-AMB on the pro-inflammatory Thi
response is implicated in cure. A significant rise in pro-inflammatory cytokines was also
observed in mice with Aspergillus flavus infection treated with [-AMB (AmBisome) [29].
One possible explanation could be that L-AMB positively reinforces and amplifies already
persisting immune reactions. The subsequent steep decline in neopterin levels could indicate
a decrease in macrophage load and thus neopterin production due to successful activation
of intracellular parasite killing and apoptosis.

Many anti-leishmanial modes of action have been described for miltefosine, inter
alia the alteration of lipid metabolism and membrane lipid composition and the direct
stimulation of apoptotic cell death (reviewed in [30]). Besides the direct antileishmanial activity
of miltefosine, the drug also has indirect host cell-dependent immunomodulatory properties.
Miltefosine enhances the IFN-y induced elimination of the parasite in vitro by increasing the
expression of IFN-y receptors and hereby restoring the IFN-y responsiveness of macrophages
[31]. Additionally the Th1/Th2 balance was restored in infected macrophages in vitro by
the dose-dependent induction of IL.-2 and IL-12 production [31,32], which both induce the
pro-inflammatory response. In this study, no increase in pro-inflammatory neopterin upon
miltefosine monotherapy was observed, other than the increased neopterin baseline levels.

Miltefosine accumulates in plasma due to its long half-life during the first weeks of
treatment, until it reaches a steady-state concentration around 4th week of treatment [33].
The stable neopterin concentration from day 1 to day 7 implies that a certain miltefosine
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threshold concentration has to be reached before neopterin levels start to decline after day
7. However, the sparse sampling scheme does not permit more elaborate explanations of the
observed effects.

Neopterin concentration elevation at six months post-treatment

Six months post-treatment, neopterin concentrations were still elevated in comparison to
the 10 nmol/L that is generally referred to as the upper limit of normal in healthy controls.
Healthy endemic control levels were not available in this study. A possible explanation could
be a generally higher neopterin level in populations from VL-endemic regions, e.g. due to a
higher incidence of other concomitant infections. No studies have been found investigating
endemic control levels in Kenya and Sudan, but a recent study in Ethiopia found a healthy
control level of 3.8 nmol/L (IQR, 1.6-5.5 nmol/I) [19], which does not support this hypothesis.
Lingering immune activation could be an alternative explanation. In patients with chronic
infection such as HIV, elevated neopterin concentrations have been found. In HIV patients
treated for 3-13 months with zidovudine or didanosine, neopterin concentrations remained
elevated above normal levels at approximately 19 nmol/L [34].

Neopterin as a pharmacodynamic biomarker to predict VL relapse

In this study we identified neopterin characteristics that could potentially be used as early
predictors of clinical relapse. To accurately discriminate between patients that cure and
patients that relapse, the AUC of the ROC was evaluated as a description of sensitivity and
specificity. As a general rule, AUCs of 0.7-0.8 are considered acceptable, 0.8-0.9 are considered
excellent and >0.9 are considered outstanding [35].

The neopterin variable with the highest predictive power was the D60/EoT
neopterin concentration ratio, with an AUC of 0.84. A big advantage of the D60/EoT neopterin
concentration over the absolute day 60 neopterin concentration was its high AUC in both
treatment arms, and thus the marker can be applied in both therapies. A possible explanation
for the difference in predictive ability of relapse of the absolute day 60 neopterin concentration
between treatment arms - significant only for the combination therapy - could be that the
time period between end of treatment (day 11 for the combination therapy, day 28 for the
monotherapy) and the follow-up time point at day 60 is longer for the combination therapy.

The neopterin concentration of a proportion of cured patients also increased within
one month after treatment (Figure 4), leading to a relatively low specificity. No explanation
could be found in clinical data for this increase: there were no consistent trends in fever,
haematological or clinical chemistry parameters, nor were there more co-infections or co-
medications reported in cured patients who showed an increase in neopterin concentration
within one month after treatment, versus patients that did not show this increase.

Additionally, the initial surge in the neopterin concentration after L-AMB infusion
could hold predictive potential, but was not a significant predictor of final cure in this study.
Prospective studies will have to confirm its potential, during which more extensive sampling
in the first days of treatment will be valuable to better describe kinetics of neopterin before
and after initial days of treatment and its potential correlation with long term outcome.

Practical application of neopterin as biomarker
Currently there are no biomarkers to identify patients at risk of relapse when monitoring treated
VL patients, nor to establish final cure in the follow-up of clinical trials; this lack of early markers
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of cure is slowing down the development of new antileishmanial treatment regimens. The
application of the D60/EoT neopterin concentration ratio could potentially help clinical staff
in identifying patients who have an increased risk of relapse and merit further monitoring. For
example, if the neopterin surge within one month post treatment exceeds a factor 1.08, the
patient could be more intensively and closely followed up, possibly using gPCR to quantify
parasite loads in the blood and/or tissue to possibly discover relapse earlier.

As mentioned previously, issues with sensitivity and specificity are less of a problem
in clinical trials than in monitoring treatment at an individual patient level in clinical practice.
Solutions for a lack of specificity could be to use a panel of biomarkers and to exclude co-
infections, as is the case in clinical trials. The implementation of the D60/EoT neopterin
concentration ratio marker in routine clinical care is not feasible due to the sampling point
one month after treatment.

An advantage of neopterin as pharmacodynamic biomarker is that ELISA kits for
its analysis are relatively low cost: a commercial kit costs around 3 euro per sample. A basic
laboratory infrastructure is required, however, which is not always available in health centers
in disease-endemic regions where VL is being treated.

A simple dipstick assay is available for the semi-quantitative detection of neopterin
in serum in resource-limited settings, and has also been tested in VL patients [36], though this
assay is possibly not sensitive enough to pick-up the relatively low difference in concentration
between end of treatment and day 60. Additionally, a method has been developed to quantify
neopterin extracted from dried blood spots with HPLC and fluorescence detection [37,38]. This
would significantly reduce the costs of sample storage and shipment. Additionally, neopterin
is generally detectable in urine and therefore this non-invasive sample collection method
could be further investigated, although its quantitative interpretation remains difficult and it
has not yet been evaluated in VL patients.

CONCLUSION & FUTURE PERSPECTIVES

This study is the first evaluation of the clinical relevance of neopterin as a predictor of relapse
in VL patients treated with miltefosine monotherapy or a combination therapy with L-AMB.
It is the first longitudinal exploration of the kinetics of neopterin in VL patients and the
differences in kinetics upon successful treatment or treatment failure. The ratio in neopterin
concentration between day 60 and end of treatment was found to be a significant predictor
of relapse. At a 1.08 concentration increase ratio, the sensitivity was 93% with a specificity of
65%. In a clinical trial setting, this marker could be used as a surrogate endpoint to identify
patients at risk of relapse earlier in the development of new treatment regimens, possibly
with a panel of biomarkers to increase its sensitivity and specificity. The use of neopterin as a
predictive biomarker for relapse in VL should be formally evaluated in a prospective trial. Due
to the sampling point at one month post-treatment, and specificity issues, this marker is not
feasible for application in routine clinical care.
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CONCLUSIONS AND PERSPECTIVES

Despite an increase in research efforts in developing more efficacious and less toxic
(combination) treatments against the neglected disease leishmaniasis, the efficacy and safety
of currently available regimens are not sufficient. Treatment options are especially limited for
vulnerable neglected patient populations, such as HIV co-infected and pediatric patients.
Though several new chemical entities against leishmaniasis are in various phases of drug
development, the process to drug approval and registration of these compounds is slow,
expensive and unpredictable, with a high level of attrition [1]. To expand the therapeutic
options for leishmaniasis patients it is of utmost importance to optimize treatment with the
currently available drugs, either by changing the dosage or length of current regimens of
existing monotherapies, or by administering these drugs in combination. Studying the clinical
pharmacology of these new regimens is crucial in rationalizing the choice of drugs and dosage
and can provide new information on how to further improve treatment.

Especially for tropical neglected diseases, clinical pharmacokinetic studies are often
omitted during drug development, or are only performed in small patient populations
[2]. For instance, the pharmacokinetics of liposomal amphotericin B, a key component of
antileishmanial therapy, has never been evaluated in leishmaniasis patients (chapter 1). In
addition, pharmacokinetic studies focusing on specific patient populations are generally
lacking. For instance, only 11% of pharmacokinetic studies in neglected tropical diseases
involved pediatric patients, while children are particularly affected by infection with these
diseases. In leishmaniasis, approximately half of the global disease burden is in children
between the age of 0 and 14 [3].

This thesis describes the clinical pharmacokinetics of antileishmanial drugs,
miltefosine in particular, across endemic regions and in three clinical presentations of
leishmaniasis: visceral leishmaniasis, cutaneous leishmaniasis and post-kala-azar dermal
leishmaniasis. The clinical studies described in this thesis are focused on the optimization of
antileishmanial treatment with existing drugs in pediatric and HIV co-infected leishmaniasis
patients, for whom efficacies of antileishmanial treatments are generally lower and
pharmacokinetic studies are urgently needed.

In chapter 1, we identified that though underexposure in pediatric compared
to adult patients has been reported for pentavalent antimony, miltefosine and liposomal
amphotericin B, modified dosages for children have only been clinically evaluated
for miltefosine. Furthermore, out of the five antileishmanial drugs only pentamidine
pharmacokinetics was evaluated in HIV infected patients, while in certain endemic regions up
to 40% of visceral leishmaniasis patients is co-infected with HIV [4]. Further pharmacokinetic
research has the potential to improve antileishmanial treatment efficacies, specifically in these
patient populations.

The development and validation of bioanalytical methods employing less-invasive
sampling methods

The reason for the limited number of clinical pharmacokinetic studies for antileishmanial
drugs is the challenge of conducting these studies in the resource-poor areas of endemicity
of leishmaniasis. Drug quantification in plasma is still the gold standard in pharmacokinetic
research to approximate drug exposure at the target site. Venous blood sampling, however,
requires an appropriate laboratory set-up, including uninterrupted -20°C storage capacity,
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which is logistically complicated, expensive and often not available in these remote areas. In
addition, venous sampling is often too invasive for the weakened visceral leishmaniasis patient
population, especially for HIV co-infected patients. In these patients, but also for pediatric
patients, (extensive) pharmacokinetic sampling is often not ethically acceptable. Dried blood
spot (DBS) sampling, on the other hand, is an attractive and less invasive alternative, as DBS
samples can be collected by a simple finger-prick and only require a small volume of blood.
An additional advantage is the easy and inexpensive storage at room temperature, making it
applicable in remote low resource settings. Chapter 2.1 describes the successful validation
of an analytical method to accurately and precisely analyze miltefosine concentrations in DBS.

The influence of hematocrit on method accuracy is the most widely discussed hurdle
in the implementation of DBS sampling. Due to variation in hematocrit values, varying blood
volumes are collected in sub-punches used for analysis. This could be particularly problematic
in visceral leishmaniasis patients, who are typically anemic and for whom hematocrit values
generally increase during treatment with clinical improvement. An hematocrit effect on
method accuracy could be observed during the bioanalytical validation of the DBS method,
which urged the exploration of alternative sampling methods (chapter 2.2). However, no
effect of hematocrit was observed in the clinical validation for an hematocrit level range of
23.4% to 44.0%. The method was successfully applied in the clinical pharmacokinetic studies
described in chapters 3.3 and 3.4. This novel sampling technology contributes to easier
conduct of pharmacokinetic studies in remote areas and might allow for richer sampling in
leishmaniasis patients.

In bioanalysis, one strategy to overcome the hematocrit influence on drug
quantification is to collect a volumetrically controlled whole blood sample that is analyzed as
a whole, instead of a sub-punch. Volumetric absorptive microsampling (VAMS) was explored
as an alternative dried blood sampling method in chapter 2.2. The impact of hematocrit
on assay accuracy was reduced compared to conventional DBS sampling, although recovery
declined with increasing hematocrit, resulting in a reversed but diminished hematocrit effect.
The VAMS method performed better than DBS sampling in the bioanalytical validation,
introducing less variability when selecting dried blood as a matrix over plasma. No clinical
validation of the VAMS method has been performed up to date. Whether VAMS s also
performing better in clinical practice, should be investigated by analyzing paired VAMS, DBS
and plasma samples. Furthermore, its cost-effectiveness and ease to use in the clinic should
be explored.

To facilitate the conduct of future clinical trials investigating new antileishmanial
treatment regimens, bioanalytical methods employing the less-invasive, logistically less
complicated and more affordable DBS or VAMS sampling, should be developed for other
antileishmanial drugs as well. To our best knowledge, these methods have not been developed
for paromomycin and amphotericin B, which will be evaluated in future clinical (combination)
therapies.

Evaluating the intracellular miltefosine pharmacokinetics

As mentioned, drug quantification in plasma is still the gold standard in pharmacokinetic
analysis. The Leishmania parasite, however, resides intracellularly within macrophages in the
liver, spleen, bone marrow or skin, depending on the subspecies and clinical presentation. The
exact mechanism of action of miltefosine is not fully clarified, but multiple hypotheses exist.
Though indirect immunomodulatory effects have been described, the direct site of action
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of miltefosine is within the cell or cell membrane [5]. Up to now it was unknown if plasma
miltefosine concentrations are an appropriate proxy of intracellular miltefosine exposure.

Miltefosine concentrations in peripheral blood mononuclear cells (PBMCs) could
possibly be considered a closer approximation of the parasite’s miltefosine exposure. With a
validated bioanalytical method (chapter 2.3), miltefosine concentrations were determined
in PBMCs to evaluate the intracellular pharmacokinetics of miltefosine. Interestingly, the
intracellular to plasma concentration ratio was 2.17, with a delay in intracellular accumulation.
Considering the high protein binding of miltefosine (96-98% [5]), the accumulation of
miltefosine in the cell or cell membrane implies high affinity of miltefosine with the membrane
or any other intracellular components.

A population pharmacokinetic model was developed simultaneously describing
plasma and intracellular miltefosine concentrations (chapter 3.1). A lower miltefosine
plasma exposure in pediatric compared to adult visceral leishmaniasis patients has previously
been reported [6,7] and was recently confirmed and extended to intracellular exposure in
PBMCs in cutaneous leishmaniasis patients [8]. With the population PK model, no distinct
differences could be identified in the mentioned intracellular accumulation ratio between
adults and children. For the first time in cutaneous leishmaniasis patients, exposure-response
relationships were explored for miltefosine using a population modelling approach. All
miltefosine exposure measures were significantly related to treatment outcome, which could
be expected due to their high correlations. In future exposure-response studies, intracellular
concentrations can be derived from plasma concentrations with the developed population
pharmacokinetic model. Subsequently, derived individual intracellular exposure can be linked
to individual in vitro susceptibility values (IC, ) of clinically isolated strains, to gain a better
understanding of the contribution of Leishmania susceptibility and miltefosine exposure to
treatment outcome.

While drug exposure in PBMCs could be considered a closer approximation of
target site exposure than plasma, the parasite’s exposure to antileishmanial drugs can more
accurately be determined in cutaneous leishmaniasis by quantifying drug concentrations in
lesion biopsies. Up to now, this has only been reported for pentavalent antimony (chapter
1). Bioanalytical methods could be developed to determine drug concentrations of other
antileishmanial drugs, such as miltefosine or paromomycin, in lesion biopsies to facilitate
exposure-response studies in cutaneous leishmaniasis.

Pharmacokinetic evaluation of allometric miltefosine dose in children

During the development of miltefosine as an antileishmanial drug, limited pharmacokinetic
studies were performed in children and the standard adult 2.5 mg/kg/day linear dosing
regimen for 28 days was extrapolated to the pediatric population. As previously mentioned,
this resulted in an underexposure in children compared to adults, across endemic areas and
clinical presentations [6,8,9]. Clinical efficacy of the 2.5 mg/kg/day miltefosine dose in pediatric
compared to adult visceral leishmaniasis patients was lower [10,7,11]. Lower miltefosine
exposure contributed to the lower efficacy levels in children, given that miltefosine exposure
has been found to be predictive of treatment failure in visceral leishmaniasis [9,12].

After previous simulation studies, an allometric miltefosine dose was proposed in
pediatric leishmaniasis patients, administering a higher mg/kg/day dose to children with a low
fat-free mass than the linear 2.5 mg/kg/day dosing. In this thesis, two clinical pharmacokinetic
evaluations of this allometric miltefosine dosing regimens have been described:in 4 to 12 year
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old East African visceral leishmaniasis patients (chapter 3.2) and 4 to 17 year old Bangladeshi
post-kala-azar dermal patients (chapter 3.3).

Both these studies identified an increase in miltefosine exposure in terms of the
area under the plasma concentration-time curve from start to day 28 of treatment (AUC )
and an increase in the proportion of pediatric patients reaching the previously described
17.9 pg/mL miltefosine threshold deployed in assessing probability of cure in Nepalese
visceral leishmaniasis patients [12]. However, the pharmacokinetic evaluations of this novel
miltefosine dosing regimen also showed divergent outcomes between studies. Pediatric
Bangladeshi post-kala-azar dermal patients receiving the allometric miltefosine dose
achieved accumulated end of treatment concentrations in line with those previously reported
in adults and predicted exposure values. In pediatric East African visceral leishmaniasis
patients, miltefosine exposure increased in the first weeks of treatment but end of treatment
concentrations were considerably lower than in Bangladeshi children and 30% lower than
predicted. This illustrates the importance of conducting pharmacokinetic studies in different
endemic regions.

A stagnation in miltefosine accumulation in the third week of treatment was observed
in East Africa in 37% of patients, which most likely contributed to the lower than predicted
miltefosine exposure after allometric dosing, but no explanation for this non-linearity could
be found. Furthermore, in accordance with a previous study on the pharmacokinetics
of miltefosine after conventional dosing, bioavailability was decreased in the first week of
treatment in East African visceral leishmaniasis patients. Both these non-linearities could not
be evaluated for the study in Bangladeshi PKDL patients, due to its sparse sampling scheme
and descriptive non-compartmental analysis.

While a significant difference in miltefosine exposure was found between male and
female patients in the Bangladeshi post-kala-azar dermal patient population (chapter 3.3),
no such difference was observed in East African visceral leishmaniasis patients. This is in line
with the hypothesis that this gender difference could potentially be caused by differences
in fat-free mass approximations, which can be expected to differ between regions. A future
pooled population analysis of collected pharmacokinetic data from all conducted miltefosine
pharmacokinetic studies might improve our understanding and provide us with more reliable
body size descriptors to finally update the allometric dose to reach similar exposure levels in
male and female pediatric patients, in line with adult exposure.

As expected, the efficacy of allometric miltefosine dosing in pediatric East African
visceral leishmaniasis patients is higher than previously observed for conventional 2.5 mg/
kg/day dosing. Evaluating the median end of treatment miltefosine concentration - often
applied as a simple metric of miltefosine exposure — as a predictor of cure is probably not
appropriate due to the observed pharmacokinetic non-linearities. This emphasizes the need
to get a better understanding of what determines parasitic response. Identification of the
most relevant miltefosine exposure measure is crucial in establishing a relationship with
outcome. Pooled population analyses could contribute to identifying the pharmacokinetic
targets that determine or influence treatment response.

Pharmacokinetic evaluation of miltefosine and liposomal amphotericin B in HIV
co-infected patients

Visceral leishmaniasis has emerged as an important opportunistic infection of HIV in visceral
leishmaniasis areas of endemicity. Research on rationalizing treatment of visceral leishmaniasis
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patients co-infected with HIV is limited and chapter 3.4 describes the first pharmacokinetic
study performed in this specific patient population. HIV co-infected patients generally react
less well to antileishmanial treatment with higher fatality rates [4]. Especially in this specific
patient population, relapse frequencies are high, urging the administration of adequate
antileishmanial drug dosages to reduce relapse rates and avoid drug resistance.

Miltefosine exposure (AUC, ) was 37% lower in HIV co-infected patients compared
to previously published data on adult East African visceral leishmaniasis patients not co-
infected with HIV. This could have contributed to the observed low cure levels at day 28,
considering the established exposure-response relationship of miltefosine in visceral
leishmaniasis patients. The 50 mg bi-daily dose could be increased at least to the conventional
2.5 mg/kg daily dose, as patients now received a median dose of 2.1 mg/kg.

A lower miltefosine exposure was observed in patients receiving antiretroviral
treatment containing efavirenz, compared to patients who did not receive efavirenz. Further
research on the possible influence of efavirenz on miltefosine exposure is required to
investigate whether this is a clinically relevant drug-drug interaction.

The lack of amphotericin B pharmacokinetic studies in visceral leishmaniasis
patients complicates interpretation of pharmacokinetic results obtained for this drug, given
that nothing is known about exposure in non HIV-infected visceral leishmaniasis patients
after liposomal amphotericin B administration. Further research on this compound’s clinical
pharmacokinetics is pivotal for treatment optimization, considering the lower than expected
exposure identified in this study compared to amphotericin B exposure in patients treated for
other clinical indications.

Additionally, there is little knowledge about what composes the active fraction of
liposomal amphotericin B (free fraction or liposome encapsulated). Total amphotericin B
exposure in blood plasma is possibly not an appropriate approximation of the (intracellular)
parasites’ exposure to amphotericin B and free fraction could be more representative.
Bioanalytical methods have been developed to analyze the free fraction of amphotericin B,
however the free fraction sample isolation is laborious and its application in remote visceral
leishmaniasis areas of endemicity complicated.

No significant exposure-response relations could be identified in this study, possibly
due to the large variability in amphotericin B drug exposure or the heterogeneity of the HIV
co-infected population. These patients receive a multitude of drugs, have compromised and
variable immune responses due to HIV infection and are experiencing other co-infections
such as malaria or tuberculosis. In the future, a more comprehensive approach to identify
a pharmacokinetic-pharmacodynamic relationship should consider CD4 counts or viral load
data as covariates.

Identification of potential biomarkers in the monitoring of leishmaniasis treatment
response

The last part of this thesis focused on the identification of potential biomarkers as surrogate
endpoints to predict final treatment outcome in leishmaniasis. In visceral leishmaniasis,
establishing final cure requires long follow-up periods of six or even up to twelve months,
slowing down the development of new antileishmanial regimens. The majority of patients
cures at the end of a 28-day miltefosine regimen, defined as clinical improvement and
negative parasitology in a spleen, liver or bone marrow biopsy. The follow-up period is
needed to monitor parasite recrudescence which is observed as relapse of active disease.
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Chapter 5

Chapter 4.1 provides a systematic overview and discussion of possible markers in monitoring
treatment response in leishmaniasis. The need for further longitudinal evaluation of potential
pharmacodynamic biomarkers during treatment was emphasized. Longitudinal evaluation of
neopterin, one of the markers that we identified as a promising pharmacodynamic biomarker
in the systematic literature analysis, was performed in patients either treated with miltefosine
in monotherapy or in combination with liposomal amphotericin B (described in chapter 4.2).
The neopterin-increase between end of treatment and one month after the end of treatment
was identified as a potential predictive biomarker for relapse in visceral leishmaniasis, on a
population level. To increase specificity, neopterin could be used within a panel of biomarkers.
Future efforts should concentrate on identifying the most appropriate markers to increase
specificity. A semi-mechanistic population pharmacodynamic model could be developed
with the neopterin concentration data, describing the rates of neopterin production and
metabolism possibly altered due to active visceral leishmaniasis disease and treatment.
This pharmacodynamic model could give a simplified representation of the underlying
physiological processes and would allow us to more accurately predict the risk of relapse for
visceral leishmaniasis patients.

In addition to investigating neopterin as a biomarker indicating cure or relapse,
this chapter also adds to the knowledge on the host immune response to miltefosine and
liposomal amphotericin B in visceral leishmaniasis. In the combination therapy, a significant
neopterin elevation within one day after liposomal amphotericin B infusion was observed
in patients that cure, but not patients that fail treatment. This could indicate that a direct
immunomodulatory activity of liposomal amphotericin B on pro-inflammatory neopterin
production would be required for cure.

On the other hand, neopterin levels remained stable for one week after start
of miltefosine monotherapy, after which levels started to decrease. This coincides with a
previous report describing at least a three day lag in the clearance of blood parasite RNA
for the miltefosine monotherapy treatment arm, compared to an instant 1 log-decrease in
parasite loads for patients treated with a miltefosine combination therapy with liposomal
amphotericin B [7]. Combined with the known accumulation of miltefosine due to its long
elimination half-life, these results could indicate that a certain miltefosine concentration
threshold needs to be reached before miltefosine exerts antileishmanial activity.

The research described in this thesis contributes to the optimization of antileishmanial
treatment by describing the clinical pharmacokinetics and pharmacodynamics of miltefosine
and liposomal amphotericin B. Moreover, it also provides directions for future research to
further rationalize leishmaniasis treatment strategies.

The development of novel bioanalytical assays is of utmost importance in respect
to prospective pharmacokinetic studies for leishmaniasis. To facilitate the conduct of these
studies, non-invasive and feasible drug quantification methods in DBS could be developed
for amphotericin B and paromomycin. Furthermore, bioanalytical assays to quantify
antileishmanial drugs in skin lesion tissue can be developed to support future exposure-
response studies in cutaneous leishmaniasis.

Several challenges remain to be overcome in the characterization of the clinical
pharmacokinetics of miltefosine. What is the best body size descriptor in determining
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the optimal miltefosine dose in pediatric patients? How can we explain the differences in
miltefosine exposure between East Africa and the Indian subcontinent? What causes the
decreased bioavailability at start of treatment observed in East Africa? What is the cause of the
observed non-linear stagnation in miltefosine accumulation? Why are HIV co-infected patients
relatively lower exposed to miltefosine? Addressing these questions is crucial in the dose
optimization for miltefosine, especially in pediatric and HIV co-infected patient populations.
Pooling of all available pharmacokinetic data from different leishmaniasis regions of
endemicity and for different clinical manifestations, in a population pharmacokinetic analysis,
could be an effective method to further characterize and possibly explain the observed non-
linearities and geographical disparities.

Future research should focus on establishing appropriate miltefosine exposure
targets related to parasitic response and treatment outcome, which could differ per clinical
presentation. The proposed pharmacokinetic exposure target for cutaneous leishmaniasis
should be investigated in a larger patient cohort. The miltefosine pharmacokinetics in post-
kala-azar dermal leishmaniasis patients after allometric dosing could be studied by population
pharmacokinetic/pharmacodynamic modelling to more accurately estimate exposure. In
assessing exposure-response relations, potential biomarkers should be further evaluated.

In addition to refining our understanding of miltefosine pharmacokinetics, it is key to intensify
the clinical pharmacological research on other antileishmanial drugs such as liposomal
amphotericin B and paromomycin. A better understanding of the pharmacokinetic and
pharmacodynamic properties of antileishmanial drugs will lead to improved and more rational
(combination) treatment regimens for the profoundly marginalized leishmaniasis patients.
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SUMMARY

Leishmaniasis is a tropical infectious disease caused by the Leishmania parasite, which is
transmitted by the bite of a sand-fly. Its clinical presentation has two main manifestations: an
infection of the inner organs spleen and liver (visceral leishmaniasis) or an infection of the skin
(cutaneous leishmaniasis). As the disease almost exclusively affects low-income populations
in developing countries, with limited availability and access to treatment and research
funding, leishmaniasis is referred to as a neglected tropical disease. Treatment options for
leishmaniasis are scarce and it is therefore crucial to optimize treatment regimens with the
currently available drugs. This thesis focuses on the optimization of antileishmanial therapy by
investigating the exposure of patients to antileishmanial drugs (pharmacokinetics, or “what
the body does to the drug’, chapter 3) and the effects of the drug on both the patient’s body
and parasite (pharmacodynamics, chapter 4). In order to explore the pharmacokinetics of
drugs, bioanalytical methods were developed, as described in chapter 2.

In chapter 1, the clinical pharmacokinetics of systemically administered antileishmanial
drugs are reviewed, including their absorption, distribution, metabolism and excretion,
potential drug-drug interactions, with a focus on special patient populations particularly
relevant for leishmaniasis. This review provides a perspective on knowledge gaps in the
clinical pharmacokinetics of antileishmanial drugs and could be used to guide future studies
in this area.

For decades, the pharmacokinetics of drugs in blood plasma has been considered the gold
standard as an approximation for target site exposure of the drug. Chapter 2 of this thesis
describes the development and validation of novel bioanalytical methods to quantify the
drug miltefosine, currently the only oral drug in the treatment of leishmaniasis, in other
human matrices, either to simplify blood sampling in the remote areas where leishmaniasis is
endemic (chapters 2.1 and 2.2), or to more accurately approximate the target site exposure
(chapter 2.3).

Chapter 2.1 describes the bioanalytical and clinical validation of an analytical method to
quantify miltefosine in dried blood spots (DBS). The DBS sampling method is a more patient-
friendly alternative to the conventional plasma sampling, as only a small volume of blood is
collected with a finger-prick. Furthermore, DBS sampling is much simpler and cheaper than
plasma sampling due to the storage and shipment at room temperature, making it applicable
in the remote regions where leishmaniasis is endemic. The method was successfully validated
and the clinical validation showed that plasma and DBS concentrations correlated well. The
bioanalytical validation showed an effect of haematocrit on the accuracy of miltefosine
quantification in DBS, most probably due to blood volume variation in the sub-punches
collected for the analysis. However, no haematocrit effect could be observed in the clinical
validation and therefore the method can be implemented in clinical studies without
haematocrit correction.

Chapter 2.2 describes the validation of a bioanalytical assay using a very novel alternative
dried blood sampling method: volumetric absorptive microsampling (VAMS), a technique
with which a precise volume of 10 ulL can be sampled from a patient’s finger-prick using a
sampling device with an absorbent tip, which can be processed as a whole. As expected due
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to the fixed volume collection, the effect of haematocrit on the accuracy of the assay in the
bioanalytical validation was reduced. However, a decline in recovery could be observed with
increased haematocrit levels. In order to consider VAMS as an appropriate and cost-effective
alternative to conventional plasma sampling, a clinical validation will be required in the future.

Chapter 2.3 reports the validation of a bioanalytical method to quantify miltefosine in
peripheral blood mononuclear cells (PBMCs). The quantification of intracellular miltefosine is
particularly of interest as the Leishmania parasite resides and replicates within macrophages
once it has entered the human host and intracellular miltefosine concentrations are therefore
expected to more closely resemble the parasite’s exposure to miltefosine. With this successfully
validated method, intracellular miltefosine concentrations were determined in cutaneous
leishmaniasis patients up to one month after treatment.

Theoveralltheme of chapter 3isthe pharmacokinetics of antileishmanial drugsin leishmaniasis
patients, in particular in vulnerable patient populations such as children and HIV co-infected
patients. Chapter 3.1 describes both the plasma and intracellular pharmacokinetics of
miltefosine in Colombian adults and children with cutaneous leishmaniasis. A population
pharmacokinetic model was developed describing both the plasma and intracellular
miltefosine exposure. Both intracellular and plasma exposure were significantly related to
probability of cure in this patient population. An exposure target was proposed, which should
be further evaluated in future clinical studies. Furthermore, this study confirmed a significant
underexposure to miltefosine in children compared to adults after receiving the conventional
dose of 2.5 mg mg/kg/day, proportional to body weight.

Chapters 3.2 and 3.3 describe the evaluation of a novel miltefosine dosing regimen for
children, aimed to increase miltefosine exposure to adult levels. In chapter 3.2, a new
dosing regimen of miltefosine is investigated in paediatric visceral leishmaniasis patients
between 4 and 12 years old from Kenya and Uganda, in which patients with a smaller
body size received a relatively higher mg/kg dose (between 2.7 and 3.9 mg/kg/day) as
opposed to the conventionally administered standardized 2.5 mg/kg/day. A population
pharmacokinetic model was developed which identified a decreased bioavailability - fraction
of the administered dose that reaches the blood stream from the gut after oral intake - in
the first week of treatment. Nevertheless, miltefosine concentrations accumulated to higher
levels in the first weeks of treatment, contributing to an increase in total exposure. In addition,
variability in exposure declined in comparison to exposure with the conventional mg/kg
dose. Both these factors most probably contributed to the observed increase in efficacy of
miltefosine in children with this new dosing regimen.

In chapter 3.3, the same novel miltefosine dosing regimen is evaluated in 80 children between
4 and 17 years old from Bangladesh with a post-kala-azar-dermal leishmaniasis infection, a
skin infection which develops within three years after visceral leishmaniasis infection in 10 to
20% of cases in Southeast Asia. Paediatric miltefosine exposure was increased to adult levels
in this patient population after receiving the new dosing regimen. However, female patients
reached a significantly lower exposure than males. This disparity in exposure between male
and female patients has not been identified previously and could imply that different body
size descriptors should be evaluated in determining the appropriate dosing regimen to



overcome these differences.

The pharmacokinetics of the antileishmanial drugs miltefosine and liposomal amphotericin
B were evaluated in 30 adult HIV co-infected visceral leishmaniasis patients in Ethiopia,
which is described in chapter 3.4. In this first description of liposomal amphotericin B
pharmacokinetics in visceral leishmaniasis patients, we identified a two-fold lower exposure
in patients with visceral leishmaniasis as opposed to previously published data of patients
without this infection. Miltefosine exposure was 35% lower in patients with an HIV-visceral
leishmaniasis co-infection in comparison to visceral leishmaniasis patients without HIV, only
partly explained by the 19% lower dose administered to these patients.

Thefocus of chapter 4 is pharmacodynamicsin leishmaniasis patients. In visceral leishmaniasis,
final cure can only be determined six to twelve months after treatment, as there is a relatively
high chance clinical symptoms recur during this period. Therefore there is an urgent need for
reliable pharmacodynamic biomarkers to monitor and compare therapies in order to predict
clinical outcome earlier during treatment.

The systematic review described in chapter 4.1, gives an overview of the markers that have
been studied in leishmaniasis patients up to now and that could potentially be used as
pharmacodynamic markers. A total of 53 biomarkers were identified and further evaluated
based on five criteria: time to normalcy, specificity, sensitivity, association to clinical parameters
(such as spleen/liver size) and geographical applicability.

Chapter 4.2 describes the dynamics of one of these markers, the macrophage activation
marker neopterin, in a longitudinal analysis amongst 96 visceral leishmaniasis patients in
Kenya and Sudan. Neopterin levels are increased in all visceral leishmaniasis patients at start of
treatment, compared to healthy human levels. Differences in neopterin concentrations over
time were observed between patients enrolled in the miltefosine monotherapy compared
to patients receiving a combination treatment of miltefosine with liposomal amphotericin
B. Furthermore, patients that experienced a relapse of visceral leishmaniasis in the follow-
up period of six months, showed a significantly higher increase in neopterin concentrations
within one month after end of treatment than patients that remained cured. Therefore this
parameter of neopterin recovery could potentially be used as a surrogate endpoint to identify
patients at risk of relapse earlier in the development of new treatment regimens, possibly in a
panel of biomarkers to increase its specificity.

In conclusion, this thesis includes the successful validation of various bioanalytical methods to
quantify miltefosine in different matrices, applied in several of the described pharmacokinetic
studies. We provided a description of intracellular miltefosine accumulation, which could
be considered a closer approximation of target site exposure in comparison to plasma.
We gained more insight into the pharmacokinetics of miltefosine, especially in particularly
vulnerable patient populations such as pediatric and HIV patients. In addition, we provided a
first description of the pharmacokinetics of liposomal amphotericin B in visceral leishmaniasis
patients. In combination with the clinical pharmacodynamic research conducted, these
studies contributed to the further optimization of antileishmanial therapy.
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NEDERLANDSE SAMENVATTING

Leishmaniasis is een tropische infectieziekte die wordt veroorzaakt door de Leishmania
parasiet, welke overgedragen wordt door de beet van een zandvlieg. Er zijn twee typische
verschijningsvormen van leishmaniasis: een infectie van de inwendige organen lever en
milt (viscerale leishmaniasis) en een infectie van de huid (cutane leishmaniasis). Omdat
de ziekte bijna exclusief voorkomt in ontwikkelingslanden en er zeer weinig financiering
beschikbaar is voor behandeling van en onderzoek naar deze ziekte, wordt leishmaniasis ook
wel een “neglected” of “verwaarloosde” ziekte genoemd. Behandelopties voor patiénten met
leishmaniasis zijn beperkt en het is daarom cruciaal om de behandeling met de beschikbare
geneesmiddelen te optimaliseren. Dit proefschrift richt zich op de optimalisatie van
antileishmaniale behandelingen door het onderzoeken van de blootstelling van patiénten
aan geneesmiddelen tegen deze infectieziekte (farmacokinetiek, of “wat het lichaam doet
met een geneesmiddel’, hoofdstuk 3) en het effect van het geneesmiddel op de parasiet
of het lichaam van de patiént (farmacodynamiek, hoofdstuk 4). Om de farmacokinetiek van
geneesmiddelen te bestuderen, zijn bioanalytische methoden ontwikkeld, welke beschreven
zijn in hoofdstuk 2.

In hoofdstuk 1 wordt een overzicht gegeven van de klinische farmacokinetiek van systemisch
toegediende antileishmaniale geneesmiddelen, samen met de absorptie, de distributie,
het metabolisme en de excretie van de middelen en potentiéle geneesmiddelinteracties.
Hierbij ligt de focus op speciale patiéntenpopulaties die vooral relevant zijn bij behandeling
van leishmaniasis. Dit hoofdstuk geeft inzicht in de hiaten in onze kennis over de klinische
farmacokinetiek van deze middelen en kan als richting voor toekomstig onderzoek
functioneren.

Hoofdstuk 2 beschrijft de ontwikkeling en validatie van bioanalytische methoden voor
de kwantificatie van miltefosine, op dit moment het enige orale geneesmiddel in de
behandeling van leishmaniasis, in patiéntenmonsters. Decennialang is de bepaling van
geneesmiddelconcentraties in bloedplasma al de gouden standaard ter benadering van de
blootstelling aan het geneesmiddel op de plaats van de werking. In hoofdstuk 2 worden
de validaties van drie nieuwe methoden beschreven waarbij miltefosine concentraties
bepaald worden in verschillende matrices: ofwel om bloedafname simpeler, goedkoper
en patiéntvriendelijker te maken (hoofdstukken 2.1 en 2.2), ofwel om tot een betere
benadering te komen van de miltefosine concentraties waaraan de parasiet wordt
blootgesteld (hoofdstuk 2.3).

Hoofdstuk 2.1 beschrijft de bioanalytische en klinische validatie van een methode om
miltefosine te kwantificeren in ‘dried blood spots’ (DBS). De afname van DBS monsters is een
patiéntvriendelijker alternatief voor conventionele bloed afname middels een venapunctie,
omdat er maar een klein bloedvolume afgenomen wordt met een vingerprik. Verder is
een DBS afname makkelijker en goedkoper, omdat opslag en vervoer plaats kan vinden bijj
kamertemperatuur, waardoor de methode beter toepasbaar is in de afgelegen gebieden
waar leishmaniasis heerst. De ontwikkelde methode was accuraat en precies en een goede
correlatie tussen plasma en DBS concentraties werd aangetoond. In de bioanalytische validatie
werd een effect van hematocriet op de nauwkeurigheid van de methode geidentificeerd,
waarschijnlijk door variatie in het bloedvolume dat wordt uitgeponst bij het opwerken van

245



246

de bloedmonsters. Echter, omdat dit effect niet werd geobserveerd in de klinische validatie,
kan de DBS methode geimplementeerd worden in klinische studies zonder correctie voor
hematocriet waarde.

Hoofdstuk 2.2 beschrijft de validatie van een biocanalytische methode waarbij gebruik
gemaakt wordt van een alternatieve manier van bloedafname, namelijk ‘'volumetric absorptive
microsampling’ (VAMS). Daarbij wordt een precies bloedvolume van 10 pL afgenomen uit
een vingerprik met een daarvoor speciaal ontwikkeld bloedafnamesysteem en deze 10 pL
wordt vervolgens in zijn totaal opgewerkt. In de bioanalytische methode ontwikkeling werd
hiermee het effect van hematocriet op de nauwkeurigheid van de methode sterk verminderd.
Een afname van extractie opbrengst van miltefosine met toenemende hematocriet waarden,
was echter zichtbaar. Of VAMS een geschikt en kosteneffectief alternatief is voor het afnemen
van plasmamonsters zal in de toekomst moeten blijken uit een klinische validatie.

Hoofdstuk 2.3 beschrijft de validatie van een bioanalytische methode om miltefosine te
kwantificeren in perifere bloed mononucleaire cellen (PBMCs, specifieke witte bloedcellen).
Het bepalen van de intracellulaire miltefosine concentratie is vooral interessant omdat
de Leishmania parasiet zich bevindt in macrofagen en zich daar ook vermenigvuldigt.
Intracellulaire miltefosine concentraties zouden daarom een betere benadering kunnen zijn
voor de blootstelling van de parasiet aan miltefosine. Met deze methode kunnen intracellulaire
miltefosine concentraties tot één maand na behandeling aangetoond worden.

Het centrale thema van hoofdstuk 3 is de farmacokinetiek van antileishmaniale
geneesmiddelen in leishmaniasis patiénten. Hoofdstuk 3.1 beschrijft de intracellulaire en
plasma farmacokinetiek van miltefosine in Colombiaanse volwassenen en kinderen met
cutane leishmaniasis. Een wiskundig-statistisch model is ontwikkeld waarin zowel de plasma
als de intracellulaire miltefosine blootstelling beschreven wordt. Miltefosine blootstelling was
significant gerelateerd aan de kans op genezing in deze patiéntenpopulatie. Een grenswaarde
voor blootstelling wordt in dit hoofdstuk voorgesteld, maar zal verder bestudeerd moeten
worden in toekomstige prospectieve klinisiche studies. Verder bevestigt deze studie eerdere
bevindingen dat kinderen een lagere blootstelling bereiken dan volwassenen wanneer de
conventionele dosering wordt toegediend welke proportioneel aan lichaamsgewicht is (2.5
mg/kg/dag).

Hoofdstukken 3.2 en 3.3 beschrijven de evaluatie van een nieuwe miltefosine dosering in
kinderen, gericht op het verhogen van de miltefosine blootstelling naar hetzelfde niveau als
in volwassenen. Hoofdstuk 3.2 beschrijft de farmacokinetiek van deze nieuwe dosering in
pediatrische viscerale leishmaniasis patiénten tussen de 4 en 12 jaar oud in Kenia en Oeganda,
waarbij patiénten met een kleinere lichaamsgrootte een relatief hogere mg per kg dosering
toegediend kregen (tussen de 2.7 en 3.9 mg/kg/dag) in tegenstelling tot de conventionele 2.5
mg/kg/dag. Een populatie farmacokinetisch model werd ontwikkeld waarmee een verlaagde
biologische beschikbaarheid — de fractie van de toegediende dosis die uiteindelijk terechtkomt
in de bloedstroom vanuit de darmen na orale inname — werd geidentificeerd gedurende de
eerste week van behandeling. Desondanks accumuleerden de miltefosine concentraties naar
een hoger niveau in de eerste weken van behandeling dan voorheen geobserveerd na de
conventionele dosering, wat bijgedragen heeft aan de verhoging van de totale blootstelling.



Verder was de variabiliteit in blootstelling verlaagd in vergelijking met vorige studies. Beide
observaties hebben waarschijnlijk bijgedragen aan de waargenomen verhoogde effectiviteit
van de nieuwe miltefosine dosering in kinderen met viscerale leishmaniasis.

In hoofdstuk 3.3 wordt dezelfde miltefosine dosering geévaluaeerd in tachtig kinderen uit
Bangladesh tussen de 4 en 17 jaar met post-kala-azar dermale leishmaniasis, een huidinfectie
die zich ontwikkeld binnen drie jaar na een viscerale leishmaniasis infectie in 10 tot 20% van
de patiénten in Zuidoost Azié. De nieuwe miltefosine dosering resulteerde in deze populatie
in een verhoging van de blootstelling vergeleken met de conventionele dosering. Vrouwen
bereikten echter een significant lagere miltefosine blootstelling dan mannen. Een dergelijk
verschil in blootstelling tussen mannen en vrouwen is nog niet eerder beschreven en zou
kunnen impliceren dat alternatieve indicatoren voor lichaamsgrootte geévalueerd moeten
worden om tot een adequate dosering te komen die deze verschillen elimineert.

De farmacokinetiek van miltefosine en een ander geneesmiddel tegen leishmaniasis,
liposomale amfotericine B, is bestudeerd in dertig volwassen viscerale leishmaniasis patiénten
gecoinfecteerd met HIV in Ethiopié, beschreven in hoofdstuk 3.4. Naar ons weten is dit
de eerste beschrijving van de farmacokinetiek van liposomale amfotericine B in viscerale
leishmaniasis patiénten. De blootstelling aan dit geneesmiddel in deze patiéntenpopulatie
was circa tweevoud lager dan eerder gemeten in patiénten zonder viscerale leishmaniasis.
Daarbij was ook de miltefosine blootstelling in deze populatie 35% lager dan in viscerale
leishmaniasis patiénten zonder HIV, gedeeltelijk te verklaren door de 19% lagere dosis die
ze toegediend kregen. In nader onderzoek naar de farmacokinetiek van de geneesmiddelen
toegediend in behandeling van HIV, werden geen veranderingen gezien door de simultane
toediening van antileishmaniale geneesmiddelen.

De focus van hoofdstuk 4 ligt op de farmacodynamiek bij leishmaniasis patiénten. Bij
viscerale leishmaniasis kan uiteindelijke genezing pas zes tot twaalf maanden na behandeling
vastgesteld worden, omdat er een grote kans is dat de klinische symptomen in deze periode
weer terugkeren. Er is hierdoor dringend behoefte aan betrouwbare farmacodynamische
biomarkers om de uitkomst van behandeling te kunnen voorspellen mede om zo verschillende
therapién met elkaar te kunnen vergelijken in klinische ontwikkeling.

In hoofdstuk 4.1 wordt een systematisch literatuuroverzicht gegeven van de biomarkers
die tot nu toe zijn bestudeerd in leishmaniasis patiénten en dit hoofdstuk geeft richting voor
toekomstig onderzoek. In totaal werden er 53 biomarkers geidentificeerd en geévalueerd op
basis van vijf criteria: tijd tot normaliteit, specificiteit, sensitiviteit, relatie tot andere klinische
parameters (zoals milt/lever grootte) en geografische toepasbaarheid.

Hoofdstuk 4.2 beschrijft de dynamiek van één van deze markers, namelijk de macrofaag
activatie marker neopterine, in een longitudinale analyse bij 96 viscerale leishmaniasis
patiénten in Kenia en Soedan. Neopterine concentraties zijn verhoogd in alle viscerale
leishmaniasis patiénten aan het begin van behandeling wanneer deze vergeleken worden
met een gezonde populatie. Er bleken verschillen te zijn in neopterine concentraties over
tijd tussen patiénten in verschillende behandelarmen (een monotherapie met miltefosine
of een combinatie therapie van miltefosine met liposomale amfotericine B). Bij patiénten
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waarbij klinische symptomen terugkeerden binnen zes maanden na behandeling, kon een
significante stijging in neopterine concentratie vastgesteld worden binnen één maand na
behandeling. Deze toename was niet zichtbaar voor patiénten die gedurende deze periode
geen klinische symptomen ondervonden. Deze neopterine variabele zou daarom mogelijk
kunnen dienen als een biomarker om uitkomst van behandeling te voorspellen, waarschijnlijk
in combinatie met andere markers ter verhoging van de specificiteit.

Concluderend kan worden vastgesteld dat in dit proefschrift verschillende bioanalytische
methoden succesvol zijn ontwikkeld, welke bijgedragen hebben aan verder farmacokinetisch
onderzoek in leishmaniasis. Wij hebben de intracellulaire miltefosine accumulatie beschreven,
die beschouwd kan worden als een betere benadering van de miltefosine blootstelling op de
plaats van werking dan de bloedconcentratie. Met de farmacokinetische studies beschreven
in dit proefschrift hebben we een beter inzicht gekregen in de farmacokinetiek van miltefosine
in specifieke patiéntenpopulaties zoals kinderen en HIV patiénten, en hebben we een
eerste beschrijving gegeven van de liposomale amfotericine B farmacokinetiek in viscerale
leishmaniasis patiénten. In combinatie met het klinische farmacodynamische onderzoek
beschreven in dit proefschrift, hebben deze studies bijgedragen aan de verdere optimalisatie
van antileishmaniale therapie.
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