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Abstract Treosulfan is a prodrug that undergoes a highly
pH- and temperature-dependent nonenzymatic conversion
to the monoepoxide {(2S,3S)-1,2-epoxy-3,4-butanediol
4-methanesulfonate [S,S-EBDM]} and diepoxide {(2S,3S)-
1,2:3,4-diepoxybutane [S,S-DEB]}. Currently, treosulfan is
tested in clinical trials as an alternative to busulfan in
conditioning prior to hematopoietic stem cell transplanta-
tion (HSCT). Of note, the optimal dosing of the prodrug is
still unresolved, especially in infants. In this paper, the
pharmacokinetics of treosulfan, together with its biologi-
cally active epoxides, is comprehensively reviewed for the
first time, with the focus on conditioning prior to HSCT.
Most of the insightful data presented in this review comes
from studies that have been conducted in the last 3 years.
The article widely discusses the volume of distribution and
total clearance of treosulfan. In particular, the interindi-
vidual variability of these key parameters in infants, chil-
dren above 1 year of age, and adults is analyzed, including
possible covariates. A clinically important aspect of the
formation rate-limited elimination of S,S-EBDM and S,S-
DEB is described, including the correlation between the
exposure of the prodrug and S,S-EBDM in children. The
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significance of the elimination half-life of treosulfan and its
epoxides for successful conditioning prior to HSCT is also
raised. Furthermore, the organ disposition of treosulfan and
S,S-EBDM in rats is discussed in the context of the clinical
toxicity and myeloablative activity of treosulfan versus
busulfan. Moreover, perspectives for future therapeutic
drug monitoring of treosulfan are presented. The review is
intended to be helpful to pharmacists and doctors in the
comprehension of the clinical pharmacokinetics of
treosulfan.

Key Points

A highly pH- and temperature-sensitive
nonenzymatic conversion to the active monoepoxide,
glomerular filtration, and tubular reabsorption are
involved in the elimination of the prodrug treosulfan.

To date, blood pH, body temperature, and volume of
intravenous infusions administered to HSCT patients
have been neglected as the covariates of treosulfan
clearance, but are worth testing.

The pharmacokinetics of the active epoxides of
treosulfan are necessary to understand clinical
observations in conditioning prior to HSCT.
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1 Introduction

Treosulfan, a water-soluble dihydroxy derivative of
busulfan, is authorized in some European countries for the
intravenous or oral treatment of advanced ovarian cancer.
The intravenous regimen usually relies on drug doses of
5-8 g/m? administered every 3-4 weeks [1-3]. Moreover,
for the last 17 years, high-dose treosulfan has been inves-
tigated worldwide as a myeloablative agent in conditioning
regimens prior to hematopoietic stem cell transplantation
(HSCT). In this therapy, patients receive 10—14 g/m” of the
compound for 3 consecutive days. Retrospective analyses
of clinical phase I and II trial results indicate that in both
children and adults, treosulfan-based conditioning is asso-
ciated with low-early hepato-, pulmo-, and neurotoxicity
compared with busulfan-based treatment. On the other
hand, the regimens containing the above drugs seem to
exert comparable myeloablative, immunosuppressive, and
antileukemic efficiency because the incidences of complete
donor chimerism and malignancy relapse are similar [3-9].

In opposition to busulfan, treosulfan is a prodrug. At pH
>5, it undergoes a nonenzymatic intramolecular nucle-
ophilic substitution that sequentially leads to (2S,3S)-1,2-
epoxy-3,4-butanediol 4-methanesulfonate (S,S-EBDM)
and then to (2S,35)-1,2:3,4-diepoxybutane (S,S-DEB).
These epoxy transformers are believed to account for the
DNA alkylation and biological effects observed after
administration of treosulfan [10-12].

Presently, prospective, multicenter, clinical phase II and
III trials are ongoing that directly compare treosulfan ver-
sus busulfan in conditioning prior to allogeneic HSCT in
children (1 month—18 years of age) with nonmalignant
diseases, and in adults (18-70 years of age) with acute
myeloid leukemia and myelodysplastic syndromes. In
another ongoing phase III trial, treosulfan-based condi-
tioning is compared not only with busulfan-based condi-
tioning but also with fractionated total body irradiation-
based conditioning in children and adolescents undergoing
allogeneic HSCT for acute lymphoblastic leukemia, i.e.
with the most frequent indication for HSCT in the pediatric
population. The aim of the other prospective multicenter
clinical phase II trial is to describe the safety and efficacy
of treosulfan-based therapy in hematological malignancy
pediatric patients (1 month—18 years of age) [13, 14]. All
these studies include pharmacokinetic evaluation to give
precise recommendations on the optimal dosing of the
prodrug prior to HSCT, which is yet unclear, particularly in
children [6-8, 13, 14]. This issue warrants identifying all
clinically relevant factors affecting the pharmacokinetic
parameters of treosulfan, especially its total clearance

(Clio).
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To date, only a few papers have briefly reviewed the
clinical pharmacokinetics of sole treosulfan, most recently
in 2014 [3-5]. Since that time, novel data have been
reported that provided substantial insight into the topic.
The data covered the kinetics of the nonenzymatic epoxy
transformation of treosulfan, including the quantitative
description of pH and temperature effect; the pharma-
cokinetics of S,S-EBDM in children; the discovery of the
formation-rate pharmacokinetics of the epoxy transform-
ers; the organ disposition of treosulfan and S,S-EBDM in
rats; treosulfan population pharmacokinetics in humans;
and studies on the association of treosulfan exposure with
the toxicity and efficacy of HSCT conditioning
[10, 11, 15-25]. This review is the first to be exclusively
devoted to the pharmacokinetics of treosulfan and its
epoxides. The main focus is given to the in-depth analysis
of the pharmacokinetic parameters of treosulfan and S,S-
EBDM, and their significance for conditioning prior to
HSCT. We discuss possible physiology- and treatment-re-
lated reasons of the interindividual variability of the
compounds’ Cl,, and volume of distribution, especially in
children.

2 Pharmacokinetics of the Prodrug Treosulfan
2.1 Overview

The pharmacokinetics of treosulfan in HSCT patients has
been investigated since the year 2000 using either a classic
approach or population modeling. Besides two studies
only, the disposition of treosulfan was described by an
open two-compartmental model with first-order (linear)
distribution and elimination [16, 21-29]. Ten Brink et al.
[20] created a population pharmacokinetic model with one-
compartmental drug disposition, but in the later study
conducted in a larger cohort of patients, the model was
refined to a two-compartmental model [24]. Moreover,
Koyyalamudi et al. [30] applied a classic non-compart-
mental analysis. Table 1 shows the results from four major
observational studies in which the pharmacokinetic
parameters of treosulfan were determined individually in
adult and pediatric patients treated with drug doses of
10-14 g/m?. The population model estimates obtained in
children are shown in Table 2.

2.2 Volume of Distribution

In the pharmacokinetic studies of treosulfan involving a
classic two-compartment model, the so-called volume of
drug distribution at steady state (V) has been reported.
The term ‘steady state’ used here means a transient state in
which the drug concentration in a peripheral compartment
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Table 1 Pharmacokinetic parameters of TREO following an intravenous infusion to HSCT patients

Group Adults Children
First author Beelen et al. [27] Nemecek et al. [28] Gtowka et al. [16] van der Stoep et al.
[24]
Patients [N (infants)] 8 (0) 10 (0) 4 (0) 12 (0) 3(0) 4 (1) 7 (0) 12(12) 65 (0)
Age, years [median or mean” 38 47 34 34 9.0 55 14 0.90" 8.0"
(range)] (19-59)  (23-64)  (18-47)  (5-55)"  (2-13) 0.4-10)  (2-18) (<1 =1
Dose, g/m> 12 14 12 14 12 12 14 10 14
Infusion time, h 2 2 2 2 1 2 2 3 3
PK analysis Classic (two- Classic (two- Classic (two-compartment model) Populationb (two-
compartment compartment compartment
model) model) model)
AUC, mg x h/L (%) 898 (12) 1104 (16) 1365 (21) 1309 1050 (6) 1478 (37) 2400 1744 (46) 1561
(20) (53) (33)
V., L/kg or L (%) 34" (15 31723 17725 22°(17) 078 (10) 0.56 (34)  0.55 0.21 (62) 0.91
(64) (86)
Cly,, mL/min/kg or mL/min" (%) 225" (10) 216" (15) 154" (23) 185" (20) 6.43 (8) 5.41 (11) 4.07 2.17 (65) 8.08
(39) (62)
tye b (%) 2124 20@(30) 1.73(6) 1.83(16) 1.88(8) 151 (12) 2.06 No data  No data
10

AUC area under the curve from time zero to infinity, Cl total clearance, PK pharmacokinetic, t., elimination half-life, V; volume of distribution
at steady state, TREO treosulfan, HSCT hematopoietic stem cell transplantation

Mean and coefficient of variation (in parentheses) are presented for all pharmacokinetic parameters
Four children were included in the group (age 5-17 years)

PPharmacokinetic parameters were calculated from rich concentration-time curves in 29 patients and from 2 samples (limited samples strategy) in
48 patients

Table 2 Population pharmacokinetic parameters of TREO following an intravenous infusion to HSCT pediatric patients

First author Ten Brink et al. [20] Danielak et al. [23] van der Stoep et al. [24]* Chiesa et al. [21]

Patients [N (infants)] 20 (no data) 15 (1) 77 (12) 22 (6)

Age, years 6.2 £54 (mean+SD) 7.8 £ 4.9 (mean+SD) Median 4.8 (IQR 0.6-11.4)  Median 1.5 (range 0.08-14)
Dose, g/m2 14 10, 12, or 14 10 or 14 10, 12, or 14

Infusion time, & 3 1or2 3 2

Disposition model One-compartment Two-compartment Two-compartment Two-compartment

Vs, L/kg 0.66 0.51 0.60 0.49

Clyo, mL/min/kg (CV%)  5.71 (13) 3.50 (26) 5.82 (38) 3.00 (no data)

Cl, total clearance, CV coefficient of variation, /QR interquartile range, SD, standard deviation, V, volume of distribution at steady state, TREO
treosulfan, HSCT hematopoietic stem cell transplantation

“Extended model developed on the basis of the model by ten Brink et al. [20]

reaches its maximum, and the net rate of the drug transfer
between the central and peripheral compartments amounts
to zero. It is worth mentioning that the V defined in this
way is equivalent to the volume of distribution in a classic
one-compartment model, and to the sum of the volumes of
the central and peripheral compartments reported in pop-
ulation pharmacokinetic modeling. On average, the Vs of
treosulfan ranged from 17 to 34 L in adults (approximately
0.25-0.5 L/kg) and 05-0.6L/kg in  children

[16, 21, 23-28]. To date, the binding of treosulfan to
human plasma and tissue proteins has not been examined
under physiological pH to avoid the epoxy transformation
of the parent drug. However, it is worth noting that the drug
recovery from acidified human plasma after 10 kDa ultra-
filtration cut-off was 96 £4% [31], and its unbound frac-
tion in acidified rat plasma and tissue homogenates
exceeded 0.94 [18, 19]. Moreover, the in vivo ratio of the
area under the curve (AUC) of treosulfan in rat liver, lungs,
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muscle, and bone marrow to its AUC in plasma ranged
from 0.8 to 1.0 [19]. The above properties, along with a
nonelectrolyte character of treosulfan, provide indirect
evidence for a very weak binding of the drug to plasma and
tissue proteins. Moreover, the practically complete
bioavailability of treosulfan in humans after oral adminis-
tration, and its almost homogenous distribution in rat
plasma, liver, lungs, and bone marrow, demonstrate that
the drug easily crosses biological membranes, despite
being hydrophilic (log of octanol/water partition coefficient
— 1.58) [19, 32, 33]. Based on the average values of the Vg
of treosulfan (Tables 1 and 2), it may be concluded that the
drug distributes into extracellular fluid and a part of
intracellular fluid. As the percentage of total body water
(TBW) decreases with age from birth (~ 75% in neonates,
~ 60% at age 1-17 years, ~ 45% at age 64 years), the
highest values of the treosulfan V (L/kg) are expected in
infants and the lowest in the elderly [34-36]. This
hypothesis contrasts with the results obtained by van der
Stoep et al. [24] using a population pharmacokinetic model
(mean Vg 0.21 L/kg in infants and 0.91 L/kg in older
children). Further studies are needed to reveal the reasons
for the above discrepancy.

2.3 Clearance and Systemic Exposure

2.3.1 Routes of Treosulfan Elimination and Clearance
Estimation

The fraction of unchanged treosulfan excreted in patients’
urine (fg; 15-40%) and analysis of the in vitro kinetic
results demonstrate that the Cl, of the prodrug has two
clinically significant components: the clearance of S,S-
EBDM formation (Cly) in the body fluids (major

TREO Cle = ki - Ves

component), and the renal clearance of unchanged treo-
sulfan (Clg; minor component) [Fig. 1]. In a clinical set-
ting, Cly may be determined indirectly as Cl,,—Clg or
Cli: X (1-fg), based on the treosulfan concentration in
plasma and its amounts in urine [10, 17, 26-29, 31]. Fol-
lowing basic pharmacokinetic concepts, it might be pre-
dicted that the Cl; of treosulfan depends on the rate
constant of the S,S-EBDM formation from the prodrug (k)
and the volume of fluids in which this process occurs.
Noteworthy, the k; itself has been found to be very sensi-
tive to pH and temperature [11, 15]. It is also known that at
physiological conditions, the pH of the extracellular fluid,
including blood, is tightly regulated at approximately 7.4,
whereas the intracellular fluid may have a pH in a much
wider range of 6.8-7.3, depending on the tissue type
[37, 38]. In theory, the Cl; could still be calculated by
summing the products of the k; in different body fluids and
their volumes, according to

Cli=> ke x V. (1)

However, this is not feasible in a clinical setting. A
surrogate method for Cl; estimation is to use a product of
the V; of treosulfan and the k¢ corresponding to the average
pH of body fluids and 37 °C. For that purpose, the k¢ value
can be calculated from the equation that was established for
the nonenzymatic conversion of treosulfan to S,S-EBDM
in buffer solutions at 37 °C

logk = —7.479 + 0.960 x pH (2)

[10, 11, 17]. Application of this approach, with the average

pH of 7.35, enables to predict the Cl; with good accuracy
(error rate <20%) in 10 of 12 pharmacokinetic datasets
reported previously for children above 1 year of age, as
well as adults (electronic supplementary Table S1).

VSS

Clr= Cltot - fr

TREO in urine

Fig. 1 The scheme of the clinically significant routes of TREO
elimination. CI; formation clearance, Clg renal clearance Cl,,, total
clearance, fx fraction of TREO excreted in urine, k. rate constant of
S.S-EBDM formation from TREO at average pH of the body fluids,
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» S,S-EBDM —— S,S-DEB

elimination
(including liver and
lung metabolism,
and nonspecific
reactions with
v tissue components) vy

V,s volume of distribution at steady state, S,S-EBDM (28S,35)-1,2-
epoxy-3,4-butanediol 4-methanesulfonate, S,S-DEB (2S,3S)-1,2:3,4-
diepoxybutane, TREO treosulfan



Treosulfan PK and its Variability in Patients Undergoing Conditioning Prior to HSCT 1259

To date, some studies have examined the fi but did not
focus on the mechanisms of renal excretion [26-29, 31];
however, the published data enable to indirectly deduce on
the processes that are involved in the urinary elimination of
the prodrug. Reviewing the paper by Hilger et al. [31], we
found that in 28 women with ovarian cancer who received
a single dose of 8 or 10 g/m?” of the prodrug, the ratio of the
Clg of treosulfan (fg - Cl) to the clearance of creatinine
was 0.41 4 0.22 (mean =+ standard deviation). Moreover, in
adult and pediatric HSCT patients, the estimates of the Clg
ranged from 39 to 88 mL/min and 10-104 mL/min,
respectively (electronic supplementary Table S1) [26-29].
Bearing in mind the weak binding of treosulfan to plasma
proteins, one may conclude from the above data that after
glomerular filtration the prodrug undergoes a marked
tubular reabsorption (~ 60%), which would confirm that
treosulfan easily penetrates across biological membranes.

2.3.2 Changes of the Total Clearance (Cl,,) of Treosulfan
with Age

It is known that, compared with adults, children have large
liver and kidneys relative to body weight (BW). On the
other hand, the organs are functionally immature in neo-
nates and younger infants [39, 40]. In particular,
glomerular filtration rate reaches an adult level by 3-6
postnatal months, whereas tubular reabsorption is not fully
developed until approximately 2 years of age [34, 35, 40].
Therefore, many drugs have higher Cl,, per kilogram of
BW in children above 1 year of age than in infants and
adults. The available literature data indicate that treosulfan
behaves likewise (Tables 1 and 2) [16, 21-29]. The chan-
ges of glomerular filtration and tubular reabsorption in the
developing body most likely affect the Clg of treosulfan
but are insufficient to fully elucidate the observed age-
related variability in the drug Cl,. The second important
aspect that ought to be taken into consideration is the body
fluids in which the nonenzymatic conversion of treosulfan
to S,S-EBDM occurs. As blood pH in children does not
differ from adults, one may take a reasonable assumption
that the average pH of the body fluids, and consequently
the average ky, have the same values in both groups.
Accordingly, the higher Vg of treosulfan observed in
children is supposedly responsible for the higher drug Cly,
which in turn contributes to the higher Cl,, (the sum of Cl¢
and Cly) [10, 16, 17, 21-29]. The reason children > 1 year
of age (average treosulfan Cl, 3-6 mL/min/kg) experi-
ence a similar AUC as adults (approximate Cl,
2.0-2.5 mL/min/kg) following the same drug dosing per
m? of body surface area (BSA) is that the BW increases
unproportionally faster with age than the BSA. As a result,
pediatric patients receive higher doses of treosulfan per
kilogram of BW than adults [16, 21-29, 41].

It has been claimed that the low Cl,, of treosulfan in
infants compared with older children stems from a low
glomerular filtration rate, yet no relevant correlation has
been found [22]. Because the treosulfan epoxy transfor-
mation is pH-sensitive and is associated with the release of
strong methanesulfonic acid, the renal processes involved
in acid-base homeostasis are worth considering in terms of
the prodrug Cl; [10, 11]. Of note, bicarbonate reabsorption
and acid excretion in the neonatal kidney are much lower
than in older children and adults. At the same time, neo-
nates must excrete approximately 2-3 mmol of H' per
kilogram of BW daily in the form of ammonia and titrat-
able acids, which is much more than in adults (1 mmol/kg).
As a result, neonates often develop mild metabolic acidosis
and have a limited capability to withstand additional stress,
in particular acid load. Above 1 postnatal month, blood pH
reaches adult values, but the renal control of acid-base
balance continues to mature until approximately 2 years of
age [34, 42-44]. One may estimate that if treosulfan was
administered to an infant with a BW of 7.5 kg and BSA of
04 mz, at a dose of 4 g (10 g/mz), and was converted
completely to S,S-DEB, the substantial load of 3.8 mmol
of H" (methanesulfonic acid) per kilogram of BW would
be additionally produced in the body. Therefore, a
hypothesis might be offered that infants treated with high-
dose treosulfan prior to HSCT are more prone to experi-
ence a lower blood pH, as well as other body fluids, than
older children, and, consequently, the decreased Cl; and
Cly, of the prodrug. Such a phenomenon has not been
reported to date but warrants verification in clinical
observational studies.

2.3.3 Stratification of Treosulfan Dose in Relation
to Differences in Cl,,,

The age-related differences in the Cl,, of treosulfan have
found reflection in the stratification of the drug doses prior
to HSCT. Currently, it seems that adults and older children
undergoing HSCT against malignant diseases should be
treated with 14 g/m? of treosulfan. Younger patients should
receive lower doses to experience the same exposure as
older patients, but a detailed dosing regimen is still
ambiguous [7, 8, 21, 22, 24]. Van den Berg et al. [22]
proposed the dose stratification based on the BSA: 10, 12,
and 14 g/m2 for patients with BSA <0.5, 0.5-1.0, and
>1.0 m?, respectively. In the study by Chiesa et al. [21],
treosulfan was administered according to age: 10 g/m?
(<3 months), 12 g/m2 (3 months-1 year), and 14 g/m2
(>1 year). As aresult, 17 of 22 children had an AUC range
of 1130-2451 mg-h/L, including 4/4 and 5/6 infants
receiving the lowest and middle doses, respectively [21]. In
the remaining five patients, treosulfan AUC was much
more scattered, with the lowest and highest value of 659
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and ~ 4300 mg h/L, respectively. More recently, van der
Stoep et al. [24] have reported the pharmacokinetic
parameters obtained in 77 children following a two-level,
age-based dose stratification: 10 g/m? below 1 year of age
(n = 12) and 14 g/m?” for higher ages (n = 65). They also
observed a marked interpatient variability of treosulfan
exposure (Table 1), especially in the younger group of
patients, in whom the AUC spanned from 732 to
3544 mg h/L [24]. Such results indicate that the use of age
as the only variable for dose selection may not provide
uniform exposure of treosulfan in children.

2.4 Elimination Half-Life

The elimination half-life (z,,) of treosulfan in children and
adults is relatively short (1.5-2.2 h) and does not demon-
strate any age-related trend [16, 21, 26-29]. As the prodrug
is administered to HSCT patients once daily for three
consecutive days, no steady state (meant as equality
between the dosing rate and the average drug elimination
rate) is reached. Therefore, exposure could not be mea-
sured using an average concentration at steady state (Cy),
which is the case for busulfan administered four times daily
[3, 5]. It is worth noting that the short #., of treosulfan is
beneficial in terms of its rapid elimination from the
recipient’s organism. In a rat model, the prodrug was
eliminated from the brain two times slower than from
blood and other organs, but the corresponding #,, was still
relatively short. Therefore, a washout period of at least
2 days, which is used after treosulfan administration in
conditioning prior to HSCT, can be considered sufficient to
prevent the graft from drug exposure [19].

3 Factors Affecting Interindividual Variability
of Volume of Distribution at Steady State
and Cl,, of Treosulfan

As presented in Tables 1 and 2, the Vi and Cly, of treo-
sulfan reported in children undergoing HSCT were char-
acterized by relatively high interpatient variability,
especially in the recent large multicenter study by van der
Stoep et al. (coefficient of variation up to 86%) [24]. Lower
variability of the parameters was observed in the cohorts of
adult patients, but, interestingly, quite marked differences
occurred between the clinical centers [16, 22-29].

In attempts to identify the factors affecting the V, and
Cly,; of treosulfan and their interindividual variability,
population pharmacokinetic models were developed
[20-25]. Van den Berg et al. [22] used pharmacokinetic
data from 93 adults and 23 children (0.4-17 years of age),
including a few infants (exact number was not given).
Among BSA, age, BW, height, renal function, and use of
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diuretics, only BSA was found to be a covariate for the
volume of the central compartment (V;), volume of the
peripheral compartment (V5,), and Cl, of treosulfan. The
BSA allometric scaling factor for Cl, was equal to 1.29
(Clo~BSA'?®) [22]. In the four other models, the
parameters were allometrically scaled using BW, and the
scaling exponents were fixed at 1.0 for both V; and V,, and
0.75 for Cly [20, 21, 23, 24]. In addition, Danielak et al.
[23] found that sex was not a significant covariate for Vi,
V,, and Cl,, however they noted that the studied group
included only three girls. Ten Brink et al. [20] and van der
Stoep et al. [24] did not mention testing any covariates,
except BW. Surprisingly, in the model developed by
Mohanan et al. [25], none of the covariates tested, i.e. age,
BW, BSA, sex, liver size, liver fibrosis, ferritin levels, liver
enzymes, and hemoglobin level, were found to explain the
wide interindividual variability of treosulfan pharmacoki-
netics in thalassemia major patients aged 1.5-25 years.
Despite age, renal function (creatinine clearance), and
administration of diuretics not being identified as signifi-
cantly influencing the Vi and Cly,, of treosulfan [22, 23],
these factors should not be neglected in future population
pharmacokinetic modeling in larger and more homoge-
neous cohorts of HSCT patients. In particular, age may
prove to be a significant variable in a sufficiently numerous
cohort including young infants and children because of
dynamic changes in the percentage of TBW and renal
function occurring during the first postnatal year.

In our opinion, additional covariates worth testing in
treosulfan pharmacokinetic modeling are blood pH, as a
readily measurable marker of acid-base balance, body
temperature, and the volume of fluids infused intravenously
to patients.

According to Eq. 2, the physiological fluctuations of
blood pH from 7.35 to 7.45 are associated with a 24%
increase in the k¢ (0.38— 0.47 h~!at 37°C). Greater chan-
ges of the k¢ will obviously accompany acidosis or alkalosis
[11]. A particularly high risk of developing metabolic
acidosis is expected in infants withheld breastfeeding and
thus deprived of the natural source of bases [43]. More-
over, in our previous work, we estimated that the body
temperature change of only 1°C (from 36.5 to 37.5 °C)
implicates an increase of k¢ by 17% (0.42-0.49 h™' at
pH 7.4). Therefore, blood pH and body temperature might
be valuable determinants of the Cl; and Cl,, of treosulfan
[15].

Following the widely accepted guidelines, children who
undergo conditioning prior to HSCT in our department
receive 3000 ml of fluid per m? of BSA daily, mainly 0.9%
NaCl and 5% glucose supplemented with physiologically
relevant amounts of potassium, magnesium, and calcium.
This is associated with a continuous infusion halted only
during the treosulfan infusion. Meanwhile, it has been
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found that during an intravenous infusion and several hours
thereafter, the blood and extracellular fluid expand [45, 46].
Hahn et al. [46] reported that at the end of 15- to 80-min
infusions of Ringer’s solution 25 mL/kg BW administered
to healthy adults, the volume of blood and extracellular
fluid was increased by 20-25% and ~ 10%, respectively.
When 12.5 mL/kg of solution was infused over 30 min, the
blood expansion was 8% [46]. It is therefore possible that
the Vi of treosulfan in HSCT patients is artificially
increased to an extent that depends on the load and infusion
rates of the fluids. Whether this effect is clinically signif-
icant remains an open question. In our opinion, the fluid
infusions should affect the Cli of treosulfan. The general
knowledge is that the large intravenous delivery of fluids
provokes diuresis and thus diminishes the tubular reab-
sorption of drugs [45, 47]. As approximately one-half of
treosulfan undergoes the reabsorption process, high-vol-
ume infusions should elevate the drug Clg [31]. Conclud-
ing, the volume of fluids administered to HSCT patients on
a daily basis might contribute to the interindividual vari-
ability of the Vy and/or Cl, of treosulfan, and also their
differences between various clinical centers.

4 Pharmacokinetics of Biologically Active Epoxy
Derivatives of Treosulfan

The results of the quantitative analysis of biologically
active epoxy derivatives of treosulfan in patients’ plasma
were published for the first time in 2012 [48]. Following
2 h infusion of the prodrug at a dose of 12 and 14 g/m? to
two children, the S,S-EBDM concentrations were approx-
imately 100-fold lower than those of the parent compound,
while the levels of S,S-DEB did not exceed the detection
limit (<0.8 puM) [48]. In the later study enrolling 16
pediatric patients, the t.,, of S,S-EBDM was found to not
differ statistically from the parent drug [16]. The pharma-
cokinetics of S,S-EBDM and S,S-DEB remained unre-
solved until the preformed epoxides were administered to
animals (rabbits) [17]. A very fast elimination of the
compounds was then observed (f,, 0.069 and 0.046 h,
respectively), which was associated with the extremely
high Cly, (167 and 233 mL/min/kg, respectively). When
treosulfan was administered to rabbits, the #,, of S,S-
EBDM did not differ statistically from that of the prodrug
(1.6 h); likewise in the previous study in humans. Thus, it
was proved that after administration of treosulfan, the
elimination of its epoxides is limited by their formation
from the parent compound (formation rate-limited kinet-
ics). Consequently, the #,, of S,S-EBDM and S,S-DEB is
the same as that of treosulfan, despite the levels of epox-
ides in the body being very low compared with the prodrug
due to their high Cl,, [17]. Additional confirmation for this

phenomenon was provided by an observation that the organ
elimination of S,S-EBDM in rats proceeded at a similar
rate as that of treosulfan (lungs, muscle, and bone marrow),
except the brain, from which the epoxide was eliminated
faster [19]. A clinical importance of the above facts is that
once the elimination of treosulfan is completed, S,S-
EBDM and S,S-DEB are also eliminated from the patient’s
body. This is crucial for the graft protection in HSCT
patients [17, 19].

The available data originating from in vitro and in vivo
animal studies on the metabolites of 1,3-butadiene,
including 1,2:3,4-diepoxybutane, suggest that the main
elimination routes of the epoxy transformers of treosulfan
are liver and lung metabolism via epoxide hydrolase and
glutathione S-transferase, and nonspecific reactions with
tissue components [49-51]. This is further supported by the
immeasurable liver levels of S,S-EBDM in rats adminis-
tered treosulfan, and the rapid elimination of the epoxy
transformer from the lungs compared with the other organs
[19]. To date, the Vg and Cl, of S,S-EBDM and S,S-DEB
in humans have not been reported. A commonly known
pharmacokinetic relationship, AUCmetabolite/ AUCprodrug =
Clf/Clietabolite; and the AUC data of treosulfan and S,S-
EBDM obtained in 16 pediatric patients prepared for
HSCT, allow to indirectly estimate the Cl, of S,S-EBDM
to be several hundred mL/min/kg [16, 52]. In these chil-
dren, the AUC of S,S-EBDM correlated significantly with
the AUC of the prodrug (p = 0.022 in the Spearman test),
but the correlation coefficient was not high (0.57). This
indicates that the S,S-EBDM to treosulfan AUC ratio can
vary substantially between HSCT patients [16]. To inves-
tigate this issue, the development of a combined prodrug—
transformer population pharmacokinetic model might be
helpful. Apart from the covariates that were discussed for
treosulfan Vi and Cl in Sect. 3, it will be worth inves-
tigating liver function as a possible factor affecting the Cl,,
of S,S-EBDM [49, 50].

5 Clinically Relevant Studies on the Organ
Disposition of Treosulfan and S,S-EBDM in Rats

The disposition of the prodrug and S,S-EBDM has been
studied using a rat model to elucidate pharmacokinetic
reasons underlying the organ toxicity of treosulfan. The
liver/plasma, lungs/plasma, brain/plasma, and bone mar-
row/plasma AUC ratios obtained for treosulfan amounted
to, on average, 0.96, 0.82, 0.10, and 0.82, respectively.
These data demonstrated that the prodrug has similar
capability to busulfan (AUC ratios 1.3, 1.0, 0.75, and 0.83,
respectively) to distribute into the organs, except the brain.
However, after scaling the tissue AUC results to the plasma
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drug concentrations of HSCT patients, which are two
orders higher in the case of treosulfan, the exposure of all
four organs to the prodrug turned out to be very high
compared with busulfan (Table 3) [19]. This negated the
hypothesis that the favorable organ toxicity of treosulfan
might stem from the limited distribution of the prodrug into
the respective tissues [3, 4, 53]. The levels of monoepoxide
in the rat liver were unquantifiable. The average rat
lungs/plasma, brain/plasma and bone marrow/plasma AUC
ratios for biologically active S,S-EBDM were 0.50, 0.35,
and 0.75, respectively. After scaling the organ AUC results
of S,S-EBDM to the concentrations observed in the plasma
of HSCT patients, the clinical exposure of the lungs and
brain to the epoxide was lower than to busulfan. On the
other hand, the estimates of the AUC of S,S-EBDM and
busulfan in patients’ bone marrow were similar. These
results provided a pharmacokinetic rationale for the clinical
observations that treosulfan-based conditioning regimens
demonstrate lower hepato-, pulmo-, and neurotoxicity than
busulfan-based conditioning regimens, but comparable
myeloablation strength [19].

The other study investigated the influence of very young
age on the penetration of treosulfan and S,S-EBDM across
the blood-brain barrier. Treosulfan was administered to 10-
and 34- to 35-day-old rats as they corresponded to neo-
nates/younger infants and older children, respectively, in
terms of blood-brain barrier functioning. The mean brain-
to-plasma treosulfan AUC ratio in younger and older ani-
mals was 0.16 and 0.08, respectively, and the tissue/plasma
AUC ratio obtained for S,S-EBDM was found to be 0.5 and
0.2, respectively. These results led to the conclusion that
very young patients receiving high-dose treosulfan prior to
HSCT may experience higher neurotoxicity than older
patients due to the increased penetration of the prodrug and
S.S-EBDM across the incompletely mature blood-brain
barrier. This corresponded to the results obtained in clinical
studies in which seizures only occurred in patients under
4 months of age [8, 18].

6 Perspectives for Therapeutic Drug Monitoring
of Treosulfan

Relatively high variability of treosulfan pharmacokinetics
in pediatric patients may raise the need for implementing
therapeutic drug monitoring and individual dose adjust-
ment in this group. Since pharmacokinetic studies of tre-
osulfan began, it has been assumed that plasma (serum)
concentrations of the prodrug are a good representation of
the alkylating activity of its epoxy transformers
[16, 20, 23-25, 31]. However, for years, a correlation
between treosulfan concentrations in plasma and levels of
specific DNA adducts in tissues, for example the bone
marrow, or clinical effects, have not been investigated. Van
der Stoep et al. [24] and Mohanan et al. [25] recently
published the first results of a relationship between the
exposure of treosulfan and early toxicity, as well as clinical
outcome, in children undergoing conditioning prior to
HSCT. In the former study, patients with an AUC

> 1650 mg-h/L. demonstrated a statistically higher inci-
dence of mucosal and skin toxicity than those with an AUC
<1350 mg-h/L (odds ratio 4.4 and 4.5, respectively). The
odds of developing hepato- and neurotoxicity were also
higher in the former group, but the difference did not reach
statistical significance. No association was found between
treosulfan exposure and early clinical outcomes, i.e.
engraftment, donor chimerism, acute graft-versus-host
disease, treatment-related mortality, and overall survival.
The authors claimed that this might stem from the
heterogeneity of patients’ primary diseases, which were
both malignant and nonmalignant [24]. However, in the
later study [25] conducted exclusively in thalassemia major
patients, no statistically significant relationship was found
between the drug AUC and graft rejection, regimen-related
toxicity, and treatment-related mortality. Compared with
results reported by van der Stoep et al. [24], the data pre-
sented by Mohanan et al. [25] are somewhat conflicting
with regard to survival outcomes only. In the thalassemia
major children, Cox regression analysis demonstrated a
statistically higher risk of poor overall and event-free

Table 3 Distribution of TREO, S,S-EBDM, and busulfan into the liver, lungs, brain, and bone marrow

Tissue Tissue/plasma AUC ratio in rats (estimated daily tissue AUC in HSCT patients [uM - h])

TREO?* S,S-EBDM*? Busulfan
Liver 0.96-0.97 (3072-7470) Unquantifiable 1.27° (76-127)
Lungs 0.82-0.83 (2624-7470) 0.46-0.53 (7.4-48) 1.05° (63-105)
Brain 0.10-0.11 (320-990) 0.34-0.36 (5.4-32) 0.75¢ (45-75)

Bone marrow 0.77-0.88 (2463-7920)

0.71-0.79 (11-71) 0.83" (50-83)

AUC area under the curve from time zero to infinity, TREO treosulfan, S,S-EBDM (2S,3S)-1,2-epoxy-3,4-butanediol 4-methanesulfonate

Data in the table are taken from Romarski et al. [19]%, Hassan et al. [54]°, and Hassan et al. [55]°
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survival at low Cl,, of treosulfan (<8 L/h/m?). Moreover,
the Kaplan—Meier curve showed a trend towards better
overall survival at high Cl,, of treosulfan (>8 L/h/m?) and
low AUC (<1828 mg-h/L), although without statistical
significance [25]. Two hypotheses are worth considering
and testing to explain the above results. The first is that a
relatively low borderline AUC of treosulfan provides
enough myeloablation for stable engraftment and acute
graft-versus-host disease control, and also for overcoming
a primary nonhematological disease, whereas the greater
exposure intensifies both the antimalignancy effect and
extramedullary toxicities. A second explanation might be
the interindividual variability of the ratio of the systemic
AUCs of S,S-EBDM and/or S,S-DEB to the prodrug
(Sect. 4). Verification of this hypothesis warrants moni-
toring of the plasma concentrations of the treosulfan epoxy
transformers, which are likely to better correlate with
clinical results than those of the parent drug. At present, it
seems that a relationship between treosulfan exposure and
early regimen-related toxicity and clinical outcome is still
unresolved. Investigations should be continued in larger
disease-specific cohorts of HSCT patients. Ongoing studies
will reveal how treosulfan exposure relates to long-term
clinical outcomes and late toxicities, in particular gonadal
function [23, 24].

As far as the future introduction of therapeutic moni-
toring of treosulfan is considered, it is worth mentioning
that 2- or 3-point limited sampling strategies have been
developed for determination of the drug AUC in HSCT
children. They provided an accurate estimation of the
exposure in all individual patients tested (error rate <20%),
but the validation was performed in small groups (5-8
individuals). Therefore, the robustness of the above limited
sampling strategies must be confirmed in larger cohorts
before their use in routine practice [20, 23].

A challenge in therapeutic monitoring of treosulfan
within conditioning prior to HSCT is a very brief course of
treatment, consisting of three doses administered on 3
consecutive days. This allows personalization of only the
second and third dose of the prodrug unless a test dose is
applied prior to starting the actual regimen. The benefit of
these two possible strategies will be worth examining in
reference to fixed-dose conditioning in prospective studies
if therapeutic monitoring comes into practice. To avoid
artificial intercenter differences, the standardized protocols
for treosulfan monitoring should be established, including
blood sampling time, handling of the collected blood prior
to bioanalysis, and mode of the AUC estimation (classic or
population models). Moreover, the uniform mode of
reporting volume of distribution and clearance should be
implemented in terms of normalization to either BW or
BSA. This is particularly essential in infants and children,
who inherently demonstrate considerable anthropometric

differences. Otherwise, the interpatient and intercenter
comparisons of the pharmacokinetic parameters are prob-
lematic, or even senseless.

7 Conclusions

This holistic review of the currently available literature
indicates that three processes contribute to the Cl, of
treosulfan: glomerular filtration, tubular reabsorption, and
nonenzymatic epoxy transformation of the prodrug.
Therefore, blood pH, body temperature, and intravenous
fluid delivery should not be neglected as covariates of the
Cl;; of treosulfan in dose optimization efforts in HSCT
patients, particularly infants. Organ disposition of treosul-
fan and S,S-EBDM in rats provides support for a lack of
graft exposure to the compounds after at least a 2-day
washout period preceding HSCT, the low organ toxicity of
treosulfan-based conditioning compared with busulfan-
based treatment, and the higher odds of neurological
adverse effects in infants compared with older children. In
terms of future therapeutic drug monitoring, larger studies
are needed to verify the association of early and long-term
toxicity and clinical outcomes with systemic exposure of
not only treosulfan but also its active epoxy-transformers,
at least S,S-EBDM.
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