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WHAT THIS PAPER ADDS

What'is already known of the subject: Busulfan pharmacokinetics have been widely
studied-in relation to clinical and transplant outcomes. Even though much less is
known about the treosulfan therapeutic range, there have been some pharmacokinetic

analyses as well.

What this study adds: We report busulfan and treosulfan pharmacokinetics and
neutrophil pharmacodynamics (PD), accounting for the PK and PD inter-individual

variability (11V) for the short term immune recovery after paediatric HSCT.

Data availability statement: research data are not shared
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ABSTRACT

Aim: Busulfan and treosulfan are cytotoxic agents used in the conditioning regime
prior to paediatric hematopoietic stem cell transplantation (HSCT). These agents
cause suppression of myeloid cells leaving patients severely immunocompromised in

the early post-HSCT period.

The main objectives were: (i) to establish a mechanistic PKPD model for the treatment
and engraftment effects on neutrophil counts comparing busulfan and treosulfan-
based conditioning, and (ii) to explore current dosing schedules with respect to time

to HSCT.

Methods: data on 126 patients, 72 receiving busulfan (7 months-18 years, 5.1-47.0
Kg) and 54 treosulfan (4 months-17 years, 3.8—35.8 Kg), were collected. 8,935
neutrophil count observations were recorded during the study period in addition to drug
concentrations to develop a mechanistic PKPD model. ANC profiles were modelled
semi-mechanistically accounting for transplant effects and differing set points pre- and

post-transplant.

Results: Pharmacokinetics were best described by two-compartment models for both
drugs. The Friberg semi-mechanistic neutropenia model was applied with a linear
modelfor'busulfan and an Emax model for treosulfan describing drug effects at various

stages of neutrophil maturation. System parameters were consistent across both
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drugs. The HSCT was represented by an amount of progenitor cells enhancing the
neutrophils’ proliferation and maturation compartments. Alemtuzumab was found to

enhance the proliferative rate under which the ANC begin to grow after HSCT.

Conclusions: A semi-mechanistic PKPD model linking exposure to either busulfan or
treosulfan to the neutrophil reconstitution dynamics was successfully built.
Alemtuzumab co-administration enhanced the neutrophil proliferative rate after HSCT.
Treosulfan administration was suggested to be delayed with respect to time to HSCT,

leaving less time between the end of the administration and stem cell infusion.
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INTRODUCTION

The bifunctional DNA alkylating agent busulfan is the most common chemotherapy
agent used in hematopoietic stem cell transplantation (HSCT) conditioning regimens,
alone or.in combination with other drugs. The busulfan analogue treosulfan is a
prodrug of two or more bifunctional alkylating agents produced in vivo by non-
enzymatic reactions [1]. Treosulfan exhibits strong immunosuppressive characteristics
withdow pro-inflammatory cytokine release. This facilitates stem cell engraftment and
associates with a lower risk of Graft versus Host Disease (GvHD). Busulfan and
Treosulfan act on all cells of the granulopoietic series at any stage of their cycle [2]
through DNA alkylation, interstrand DNA crosslinking and/or chromosomal aberration

to induce apoptosis [3-5].

Considerable inter-patient variability exists in the effectiveness and toxicity of
busulfan-containing conditioning regimens. Rejection, relapse and toxicity in HSCT
are associated with busulfan plasma exposure measured as area under the plasma
concentration time curve (AUC) or average steady state concentration (Css), although
recent guideline harmonisation suggests AUC in mg h/L should be used [6]. Therefore,
personalizing busulfan doses to a target AUC is thought to improve the clinical
outcomes [6, 7]. Treosulfan is considered to have a wider therapeutic index which has
made it-an attractive candidate for the use in conditioning regimens as an alternative
to busulfan [8], but recent evidence suggests treosulfan dose individualisation may
also be required [9,10]. A relatively high inter-individual variability, but low inter-

occasion 'variability has been reported for treosulfan pharmacokinetics (PK) so
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individualisation based on therapeutic drug monitoring (TDM) is feasible [9-12]. This
factis also applied to busulfan, for which TDM is currently done in the clinical setting
[6]. Inaddition, the overall benefit risk and cost inform busulfan and treosulfan TDM

feasibility.

Despite the fact that the PK characteristics of busulfan and treosulfan have been
widely studied [6,9,13-15], there are not, to our knowledge, any publications
comparing innate immune reconstitution in the early post HSCT period. Sepsis and
conditioning toxicity are major causes of early HSCT mortality and morbidity [16], and
the dynamics of short-term innate immune reconstitution has recently been shown to

predict long-term CD4+ T cell recovery [17].

Neutrophils are involved in the first line of defence against pathogens as part of the
iInnate immune system, which develops and matures during foetal life, with possible
differences in new-borns compared to older children or adults [18]. Subsequently, age-
related changes might be important in neutrophil dynamics after busulfan or
treosulfan-based myeloablative treatment [18,19]. The therapeutic challenge in
improving outcomes for transplanted children relies on the enhancement of immune
reconstitution [16,20]. Identifying patient-related and/or drug-related characteristics
associated with the dynamics of neutrophil reconstitution and predicting individual

trajectories may prove to be useful in understanding post-HSCT recovery.

Therefore, the objectives of the study were (i) to develop a mechanistic paediatric
PKPD-model of neutrophil counts over time and look whether any parameters scale
with age; (ii) identify patient or treatment characteristics associated with the inter-
individual variability in neutrophil dynamics; (iii)) compare the myeloablative effects of

busulfan and treosulfan in the shape of the pharmacodynamic effect curve and (iv)
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perform model-based simulations to evaluate the dosing schedules of busulfan and

treosulfan.

MATERIAL AND METHODS

All'patients provided informed consent consistent with the International Conference on
Harmonization of technical Requirements for Registration of Pharmaceuticals for
Human Use—Good Clinical Practice and local legislation. The study was performed
in.accordance with the declaration of Helsinki and the use of de-identified data

received-ethical approval (17/LO/0008).

Drug administration and sample collection

Busulfan (1-2 mg/Kg) was administered intravenously in a 2 or 3-hour infusion for four
days prior to HSCT, either every day, twice daily or every 6 hours. Typically the
administration was on day -6 to -3 pre-transplant. Treosulfan was administered daily
over three days, usually on days -7 to -5 prior HSCT, as a 2-hour intravenous infusion,
at the following dose levels: 10 g/m? (<3months), 12 g/m? (3-12 months) or 14g/m?

(>12 months) [21].

Blood samples to determine busulfan concentrations in plasma were obtained in all
patients.prior to the first administration, and 5, 10 and 30 minutes, 1, 2 and 4 hours
after the end of the infusion. Treosulfan samples were obtained prior to infusion,
immediately post infusion, 1, 2, and 4 hours post-infusion. Busulfan blood samples
were analysed using gas chromatography - mass spectrometry (GC-MS), being the
limit of detection 0.04 umol/L. Analytical determination of treosulfan in plasma was

described by Chiesa et al [10], and the limit of quantification of treosulfan was 10 p/mL.
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Busulfan area under the concentration time curve (AUC(0-inf)) was calculated by non-
compartmental analysis, following the first dose. Based on this the final dose was
adjusted such that the cumulative AUC for all doses was within the target range
specified 'by each treatment protocol. In our data 14% of patients required dose

increases whereas 7% patients underwent dose reductions.

In_addition to busulfan and treosulfan, other conditioning drugs were given prior
transplant. Busulfan was given either alone or in combination with cyclophosphamide,
melphalan, alemtuzumab, fludarabine or thiotepa. On the other hand, treosulfan was
given _.in combination only with fludarabine, thiotepa or alemtuzumab. The
administration of these drugs were not taken into account due to the lack of information

regarding drug administration and exposure.

Data analysis

Population models were firstly developed for the time course of busulfan plasma
concentrations and then for the blood Absolute Neutrophil Count (ANC) data. The
population PK characteristics of treosulfan in the studied populations have been
reported elsewhere [10], having PK sampling for 20 patients out of the 54 that had
neutrophil count data. The model-predicted individual patient pharmacokinetic
parameters of busulfan and treosulfan were incorporated into the dataset comprising
the dosing history, ANC values and covariates to generate the individual PK profiles
and perform the PKPD modelling. For those patients without PK samples, individual
predictions based on dose and covariates were used. Data were logarithmically

transformed.
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Model selection criteria

Selection between models was based on the minimum value of the objective function
provided by NONMEM, differences of 3.84, 7.88 and 10.83 in this value are considered
an.improvement at a significance level of p<0.05, <0.005 and <0.001, respectively,
with 1 degree of freedom. In addition, selection between models was also done based
on other information, such as graphic diagnostics (goodness of fit plots, visual

predictive checks, residual plots).

Model development

A three step approach was followed during the PK and PKPD analyses.

First, the base models were built, selecting the structural (see below) and the
stochastic parts of the population models, the latter including inter-individual variability
(IIV).in-model parameters and their covariance, and residual error. 11V was modelled
exponentially, and residual error was initially described with an additive model in the
logarithmic domain. In the busulfan PK analysis, inter-occasion variability (IOV) effect
was also explored, where the first occasion involved data after the first dose, and the

second occasion values of concentrations after dose adjustment.

Then, covariates were selected using the stepwise covariate model (scm) approach
[22] implemented in the Pearl Speaks NONMEM software [23]. Table 1 lists the
covariates tested for significance. The stepwise covariate model procedure is based
on forward inclusion followed by backward elimination of covariates. During these, the
levels of significance used to incorporate the covariate and to keep it in the model

were set to 0.05 and 0.001, respectively.
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Finally, the selected models were evaluated using pcVPC [24] and numerical
predictive checks (npc), two simulation-based diagnostics, where 500 datasets with
the same study characteristics as the original were simulated. Briefly, a pcVPC allows
to compare graphically the 2.5", 50" and 97.5" observation percentiles with the
prediction percentiles to detect if there is a systematic match of the prediction
percentile with the observation percentile. For npc, comparison of the distributions of
the time to nadir, nadir, and recovery ANC (defined as three consecutive days with
normal neutrophil counts) conditions obtained from raw data and simulations were

performed.

In-addition, parameter precision was further evaluated performing 200 non-parametric
bootstrap analysis, and listing the 5%, 50" and 95" percentiles of each parameter

distribution.
Software used

Population PK and PKPD analyses were performed with NONMEM v7.3.0 [25].
Compilations were achieved using gfortran v4.8.5 (Free Software Foundation, Inc.,
Boston, MA, USA). Graphical and all other statistical analyses, including evaluation of
NONMEM outputs, were performed with Pearl Speaks NONMEM (PsN v4.6.0) [21], R

v3.2.5 [26] and packages Xpose v4.5.3 [22], ggplot2 v.2.2.0 [27].
Pharmacokinetic modelling of Busulfan and Treosulfan

Busulfan disposition was characterised using compartmental models parameterized
in apparent volumes of distribution for each of the compartments, distribution
clearances between compartments, and total elimination clearance. Treosulfan

disposition was characterised in the same way as busulfan, however this was part of
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previous work developed in the same institution, and since for only 20 patients out of
the 54 PK information was available, the previously developed model [10] was used

to characterise treosulfan exposure.

Pharmacokinetic/Pharmacodynamic modelling of ANC

ANC . dynamics were initially characterised by the semi-mechanistic neutropenia PKPD
model developed by Friberg et al [28]. Briefly, the following granulopoietic processes
were considered: (i) proliferation represented by one compartment, (ii) maturation and
differentiation, being accounted for by three transit compartments, and (iii) appearance
in.— the  systemic  circulation and  degradation. Cell proliferation,
maturation/differentiation, and degradation were described by the first order rate
constants Kprol, Ktr, and Kcirc, respectively. In compartments different from circulating
compartments it was assumed that all compartments in the model share the same
initial (baseline) condition, the level of ANC at the start of the study period, which
implies that Kprol, Ktr, and Kcirc have equal values. These values were derived from
the mean transit time (MTT), being Ktr equal to the number of transit compartments
plus 1 divided by MTT, in this case: ktr = 4/MTT. The model incorporated a feedback
mechanism modulating Kprol, triggered by the ratio between circulation ANC at any
time (Circ) and the ANC at equilibrium (Circeq), and governed by the parameter v.
Busulfan and treosulfan reduce Kprol and consequently induce neutropenia as a
function of their predicted concentrations in plasma. Extension of this model to allow

the drugs to deplete cells in each of the transit compartments was tested.

This article is protected by copyright. All rights reserved.



RESULTS

Study population

A retrospective analysis of paediatric patients undergoing HSCT at a tertiary paediatric
hospital (Great Ormond Street Hospital, London, UK) was carried out. Between 2010
and 2016, 126 patients aged 4.5 months to 18.9 years underwent HSCT and received
either busulfan or treosulfan. Of those 126 patients, 113 children (90%) received
allogeneic HSCT and 13 (10%), autologous HSCT. Table 1 provides a summary of
patients’characteristics including demographics, treatments, host and donor types,
and disease among others. In addition, a more detailed description of the patients’

diagnoses is included in Supplementary table 1.
Population pharmacokinetic model of Busulfan and Treosulfan

A total of 534 plasma concentrations of busulfan taken during routine therapeutic drug
monitoring (TDM) from 72 children were used in the PK analysis. The plasma
concentration versus time profiles of busulfan were best described by a two
compartment model. Weight affecting CL and V, and post-menstrual age affecting CL
through a maturation function, were included as covariates in the model. In
Supplementary material 2, the results corresponding to the PK model are shown,
along with the list of the model parameters corresponding to the selected PK model
(Supplementary table 2). The number of samples below the limit of quantification
(BLQ) represented only 5% in the PK analysis, and were therefore ignored. All
parameters were obtained with good precision. The prediction-corrected Visual

Predictive Check (pcVPC) of busulfan PK model, showing that the median tendency
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and the dispersion of the busulfan plasma concentration data are well described, is

shewn in. Supplementary figure S1.

A total of 20 patients underwent PK sampling for treosulfan as part of a clinical trial
reported elsewhere [10]. The pharmacokinetics of treosulfan studied population was
also best described by a two-compartment model. For patients not undergoing PK
sampling ‘population predictions (based on dose history and covariates) were used.

Supplementary material 2 lists the PK parameters of treosulfan.

Structural pharmacodynamic model of neutrophil dynamics

For the absolute neutrophil count (ANC) dynamics characterization, 8,935 samples
were collected from 1 month prior to 3 months post HSCT. The limit of quantification
for the ANC was 0.06-10° cells/L, and the number of BLQ samples represented 6% in
the ANC characterization, but as they were gathered around the nadir time,
representing almost 20% of the data at nadir, they were taken into account for the
analysis, modelled on the basis of the M3 method [28], using the F_Flag functionality
and the PHI function as described by Ahn et al [29]. Figure 1 shows the raw data

carresponding to the neutrophil count dynamics.

Starting-from the Friberg semi-mechanistic model [30] several modifications resulted
in a significantly (p<0.001) better description of the data (Figure 2 gives a schematic
overview of the model). Firstly, the pre-transplant baseline was not the same as the
post-transplant set point. This was achieved by taking the initial ANC levels and
imputing them from the individual data taking into account the residual error magnitude
[31]. A steady-state, different from the baseline condition, was estimated with a typical
value of 0.788 x 10° cells/L and an IIV of 75.9%, representing a 76.9% and a 68.4%

decrease with respect to the median of the initial conditions in the patients receiving
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busulfan-based or treosulfan-based conditioning, respectively. This is an interesting
finding, because it highlights the fact that it is not the same population of cells the one
that is going to grow after the HSCT, after eradicating the original neutrophil
population. The amount of progenitor cells delivered by HSCT was represented in the
maodel-by an amount of progenitor cells arbitrarily set to a typical value of 1 but allowed
to differ among patients, with an IV estimate of 114%, reflecting considerable
differences in the load of transplanted cells. HSCT represents an exogenous cell
population, changing cell proliferation and maturation resulting in a 2.03 fold increase
in Kprol and Ktr with respect to the pre-HSCT system. This change in the system had
an activation (latency) period of 9.1 days associated with a 99.5% estimate in IIV.
Additionally, Kprol and y changed in a significant manner (p<0.001) after HSCT,

increasing a 5% with respect to the cell population pre-HSCT.

Drug effects were included in the model as an elimination of cells from the proliferative
compartment, and, in addition, as an extended effect with elimination from the first and
second transit compartments, reflecting the pharmacological effect of the drugs, which
act on cells on different maturation stages [2]. Busulfan effects were included as a
linear model with a killing constant (KKILL) equal to 0.7 L/umol. Treosulfan effects
were best described with an Emax model. The estimated parameters were (i) Emax,
the maximum fractional decrease in Kprol, of 1.2, and (ii) C50, the predicted plasma
concentration eliciting half of Emax of 1.4 x10“% mg/L. Even though the
pharmacodynamics of both drugs differ, the net effect affecting the depletion of the
neutrophils of busulfan and treosulfan is similar and comparable, as shown in

Supplementary figure S2 under Supplementary material 3.

Covariate model of neutrophil dynamics
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Only one significant covariate effect was identified. Children receiving alemtuzumab
aspart of the conditioning regimen, had an increased effect on the outcome of the
transplant by improving its neutrophil response, which was translated in a 2.98 fold
increase in Kprol and Kir, instead of the 2.03 fold increase found in patients without

alemtuzumab on its myeloablative conditioning.

The selected pharmacokinetic-pharmacodynamic model is represented schematically
in Figure 2 and mathematically in Supplementary material 4. Table 2 also lists the

model parameter estimates indicating that they were obtained with good precision.

Prediction-corrected VPCs of the immune reconstitution model stratified by
conditioning group are shown in Figure 3. In addition, pcVPCs stratified by main
conditioning drug are shown in Supplementary figure S3. The immune reconstitution
model performed adequately and was able to describe the central tendency of the data
as well as the spread. Figure 4 shows that the model adequately describes the
distribution of three relevant clinical metrics as are the value of the nadir (split in

grades), the time to nadir, and time to recovery to baseline ANC.

Model Evaluation

In Figure 5A, typical neutrophil profiles over time of different covariate groups are
depicted. It can be observed how treosulfan-containing regimens reach a deeper nadir

compared to busulfan-containing regimens. While the presence of alemtuzumab in the
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myeloablative regimen does not elicit a significant effect on the magnitude or the time

to nadir, people receiving alemtuzumab recover ANC faster.

Time.to.nadir and time to recovery are further explored in Figure 5B, where 500
simulations of every covariate group are analysed. Unlike what was inferred from the
deterministic simulations, the co-administration of alemtuzumab does not affect the

time to recovery of normal neutrophil counts.

Clinical model applications

Regarding the exploration of the dosing schedule, concentration time profiles were
simulated using the most common scheme of each of the drugs: 4 consecutive days
(day -7 to -4 prior transplant) every 12 hours for busulfan, and 3 daily treosulfan doses
(from day -7 to -5 prior transplant). At the time of transplant, busulfan and treosulfan
appear to be already cleared (Figure 5C). Whereas for busulfan results supports the
standard dosage regimens, in the case of treosulfan simulations suggest a later
administration as between day -5 and -3 prior to transplant would allow for treosulfan
to be mostly cleared by the day of transplant and mean patients are less neutropenic

in'the days immediately prior to transplant, as shown in Supplementary figure S4.

DISCUSSION

A mechanistic model of neutrophil reconstitution in children receiving HSCT has been
developed with the objective of understanding the short term dynamics of the
neutrophil counts. Whilst limited neutropenia dynamic modelling has been published
in children [32], to our knowledge this is the first report of a model describing neutrophil

dynamics following HSCT. This mechanistic approach links the pharmacokinetics of
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the main conditioning drugs (busulfan and treosulfan) with neutrophil dynamics. Our
findings indicate that HSCT neutrophil dynamics can be captured using a modified
Friberg model. The main mechanistic insight was that the time needed for the HSCT
to begin exerting its effects was around 8 days, whereas the main clinical insight was
that giving treosulfan closer to the day of transplant may be feasible. This latter point
Is particularly important as sepsis-related mortality in the day or two preceding
transplant is not uncommon, so limiting the time the patient is neutropenic prior to
transplant whilst ensuring conditioning drugs are washed out (and hence do not affect

the donor. cells) is a key goal.

Successful HSCT requires a tight balance between wash out of the conditioning
treatments and the length of the myelosuppresion, and it should be performed once
the myeloablative drug has been eliminated and hence will not affect the donor cells.
Model-based simulations show that at the time of transplant and following current
dosing schedules, plasma concentrations of both busulfan and treosulfan were
negligible compared with the estimates of drug effect by the day of transplant, and
therefore, both ablative treatments are washed out from the system. However,
administration of treosulfan could potentially be shifted to later times (up to 2 days,
from-day -5 to day -3 prior transplant), without compromising the above criteria
(Supplementary figure S4). Shifting treosulfan dosing forward would limit the time a
patient is neutropenic before receiving the transplant, possibly avoiding severe sepsis-
related complications pre-transplant. It is important to state that this is based on the
assumption that treosulfan is already washed out from the system, and no residual
toxic effect remains. In addition, these results must be taken with caution since this
clinical._study was not primarily designed to evaluate alternative schedules of

myeloablative drugs with respect to time to transplant, and the impact of relevant
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design related aspects as blood sampling distribution on the PD model estimates and

therefore on the schedule recommendations have not been explored in detail.

This fact has to be interpreted cautiously, since these simulations were made based
ona value of Emax equal to 1.2 and a very low EC50 estimate of 1.40-10* mg/L. This
constitutes a limitation, as this EC50 value is a reflection of all the drugs being given
at_the same time before the HSCT, meaning it cannot be interpreted as a pure
treosulfan EC50, and model-based simulations should be limited to scenarios

administering similar drug cocktails as in the current one.

Busulfan PK characteristics have been widely studied in the context of therapeutic
drug “monitoring, and its exposure has been related mainly to survival and
hepatotoxicity [33-36]. The results of the population pharmacokinetic model developed
in the current investigation (Supplementary Material 1) were consistent with those
previously reported: The value of 2.84h for the terminal half-life obtained in our case
resulted remarkably similar to 2.77 h as reported elsewhere [6]. In addition, the values
for CL (12.2 L/h/70Kg) and Vss (47.82L/70Kg) were in accordance with those reported

by McCune et al [6] (11.4 L/h/70Kg and 43.8 L/70Kg, respectively).

Age was not found to be a significant covariate on any system model parameters.
Although the number of circulating neutrophils are higher in preterm and new-born
babies, the number returns to adult-equivalent levels by 72h of life, while a neutrophil
mass similar to that in adults is achieved at 4 weeks of age, without involving scaling
of the neutrophil mass to a standard body size [37,38]. Since HSCT is not performed
in the neonatal period, this supports our finding of no age-related effect. Relationships
between model parameters and the type of disease were also tested, showing non-

significant results. This may need to be further explored in a larger cohort
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The immune reconstitution model developed comprises elements describing the
granulopoiesis physiology of the host, the transplant and drug effects. Typical
estimates of the maturation/differentiation and y had a value of 8.02 days and 0.10,
with an 11V of 35.4% and 77.1%, respectively. The former is in accordance to previous
reports [23]. However, y in our study was estimated to 0.10 whereas typically it is
around 0.16, which possibly indicates regulatory feedback in HSCT differs to non-

transplant settings.

Regarding baseline values, there are notable differences between the two populations
under_study. While the median baseline value for the busulfan-based conditioning
patients is 3.42-10° cells/L, this value was 2.49-10° cells/L in children receiving
treosulfan-based conditioning regimens. This may reflect differences between the two

populations before entering the study.

A significant improvement in fit was found when drug effect was set to reduce the
amount-of neutrophils by eliminating cells from the proliferative and the first and
second maturation compartments. This model feature is supported by the mechanism
of action described for busulfan and treosulfan, which can act on cells at any stage of

their cycle inducing apoptosis [2-5].

Simulation results indicate that the myeloablative effects of treosulfan are more
pronounced than those elicited by busulfan since patients receiving treosulfan-based

conditioning reach a deeper nadir (Figure 5A,5B).

While'itis true that the model performs adequately for the purpose of the analysis, as
it.is clearly shown in the post-predictive checks (Figure 4), looking at the VPCs, the
modeliis.not able to describe accurately the data, as the variability seems to be over

predicted, and this is a limitation of the model developed. In the case of treosulfan, the
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predicted median is higher than observed, and there is also some evidence for failure
to predict the busulfan effect on neutrophils with the predicted value being somehow
higher than the observed median from the nadir onwards. In contrast, the initial
observed' median neutrophil count is substantially higher than predicted. Another
limitation worth mentioning is the fact that the individual parameter estimates of
busulfan and treosulfan PK were used in the model developed, and this has the
problem of having too narrow estimated of the uncertainty confidence interval because
of the shrinkage. Nonetheless, the use of different methods of including the PK data
in the PKPD analysis substantially increased computational time without significant

changes in parameter estimates.

The lower treosulfan median nadir, and, on the other hand, the lower percentile being
lower with busulfan suggest that the PK of the other drugs that have been given in
combination in the conditioning pre-HSCT may be playing a role. The covariate
selected was the co-administration of alemtuzumab, the typical effects of which are
graphically presented in Figure 5A. The mechanism of action of alemtuzumab causing
neutropenia has not been fully elucidated [39,40], and although neutrophil recovery
has been reported to be further delayed in a group of patients receiving alemtuzumab
[41,42],-in the present study, the cohorts receiving alemtuzumab show similar times to
recavery of neutrophil counts. The interpretation of this observation is unclear; it may
be due to confounding with donor type since this is what determines whether to

administer alemtuzumab.

From a mechanistic point of view, it would have been expected that the number of
cells transplanted and/or donor or transplant type would show an impact on the
estimated effects, facilitating post-transplant treatment (administration of G-CSF or

steroids, for instance) and follow-up stratification (high versus low risk groups). This

This article is protected by copyright. All rights reserved.



potentially highlights a limitation in our data, in that differences in conditioning

regimens are guided by differences in disease and donor type.

In.conclusion, a semi-mechanistic model that predicted the short-term neutrophil
reconstitution after paediatric HSCT was developed. The predictions derived from the
model suggest that treosulfan dosing could potentially be moved forward by one or
two days. To our knowledge, this is the first time a semi-mechanistic model was used
to analyse the neutrophil dynamics of children undergoing HSCT. As hospital records
are increasingly electronic, a potential exists to use this model to provide predicted
reconstitution trajectories, possibly creating a useful Bayesian tool to inform the

immediate post-transplant clinical management of these patients.
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Figure 1. Observed neutrophil counts of all the studied patients. Grey dots represent patients

receiving_busulfan, and black crosses observations from treosulfan patients. Black lines

represent the mean tendency for busulfan and treosulfan in dashed and solid lines,

respectively. Vertical dashed line represents the time at which the HSCT is infused.
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related to graft rejection in a long term. Busulfan (Bu), Treosulfan (Treo), Haematologic Stem
Cell Transplan (HSCT), Mean Transit Time (MTT), Proliferation rate constant (Kprol), Transit
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Figure 3. Results of the prediction-corrected visual predictive checks from 500 simulated
profiles for the PKPD model, stratified by conditioning group. Coloured points represent raw
data, and coloured lines correspond to the 2.5th, 50th and 97.5th percentiles of the raw data.
Coloured shaded areas represent the 95% prediction intervals of the 2.5th, 50th and 97.5th

percentiles of 500 simulated datasets.
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Figure 4. Results of the numerical predictive checks evaluating nadir grade, time to nadir and

time-to -recovery for all of the patients after 500 simulations of the dataset (blue), and

stratified by main conditioning drug — Busulfan (green), and Treosulfan (orange). Grey bars

represent the distribution of the raw data. Black vertical line is the median of the raw

distribution. Coloured bars correspond to the simulated data. Coloured solid line is the median

of the simulated data, and dashed lines indicate the 95% confidence interval of the

simulations.
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Figure 5. Results from the model exploration and clinical impact exercises: A. Typical
neutrophil count dynamics vs. time relative to transplant for individuals belonging to different
covariate groups. Vertical dashed line represents the day of transplant. B. Kaplan Meier curves
after 500.simulations of patients receiving either Busulfan or Treosulfan as main conditioning
drug belonging to different covariate groups. Busulfan (Bu), Treosulfan (Treo), Alemtuzumab
(Alem). C. Typical concentration of drug and neutrophil dynamics vs time relative to
transplant in days after deterministic simulations of the most common dosing schedule, for
Busulfan (green, left panel, twice daily) and Treosulfan (orange, right panel, once daily). Left
axis_indicates concentration of drug, represented by a coloured line, and right axis the
neutrophil count, represented by grey lines. Neutrophil count is represented in all the
compartments, from proliferation (lighter line) to circulating compartments (darker lines).
Dashed vertical line represents the time of transplant, dashed horizontal line reflects the value

of the C50.
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Table 1 - Summary of patient demographic, treatment and disease characteristics. Values are

represented as number (%).

n=126 Busulfan (72) Treosulfan (54)
Sex Male 42 (58.33) 33 (61.11)
Female 30 (41.67) 21 (38.89)
Age (months) 2 51.25 (7.39 — 227.14) 33.28 (4.5-209.97)
Weight (Kg)? 14 (5.17 - 47) 10.1(3.76 - 35.8)
Conditioning alone 5(6.94)
+ Cyclo 5(6.94)
+ Cyclo/Melph 10 (13.89)
+ Cyclo/Melph/Alem 5(6.94)
+ Cyclo/Alem or ATG 5(6.94)
+ Flu 9(12.50) 9 (16.67)
+ Flu/Thio 7 (12.96)
+ Flu/Thio/ATG 8(14.81)
+ Flu/Alem or ATG 27 (37.50) 19 (35.19)
+ Melph 6 (8.33)
+ Flu/Alem/Thio 11 (20.37)
Diagnosis Immunodeficiency 30(41.67) 26 (48.15)
Cancer 30(41.67) 18 (33.33)
Others 12 (16.67) 10 (18.52)
Transplant type Bone Marrow 62 (86.11) 48 (88.89)
Gene Therapy 7(9.72) 4(7.41)
Peripheral Blood 3(4.16) -
Umbilical Cord - 2(3.70)
Donor Type Autologous 12 (16.67) 1(1.85)
Haploidentical - 4(7.41)
Mismatched Family Donor 2(2.78) 4(7.41)
Mismatched Unrelated Donor 19 (26.39) 20 (37.04)
Matched Sibling Donor 21(29.17) 3(5.56)
Matched Unrelated Donor 18 (25.00) 17 (31.48)
Unknown - 5(9.26)
Cytomegalovirus No 38 (52.78) 29 (53.70)
Yes 27 (37.50) 19 (35.19)
Unknown 7(9.72) 6(11.11)
Epstein-Barr virus  No 33 (45.83) 27 (50.00)
Yes 32 (44.44) 22 (40.74)
Unknown 7(9.72) 5(9.26)
Granulocyte- No 25(34.72) 22 (40.74)
Colony Stimulating | Yes 46 (63.89) 31(57.41)
Factors (GCSF) Unknown 1(1.39) 1(1.85)
Deceased 10 (13.89) 9 (16.67)

2Values are represented as mean [range]
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Table 2 - Population parameter estimates of the immune reconstitution model.

CIRCEQ (10%/L)

IV CIRCEQ (10%/L) (CV%)

MTT (days)

IV MTT (CV%)
GAMMA

IV GAMMA (CV%)

KKILL BUSULFAN (L/pmol)

IV KKILL (CV%)
EMAX TREOSULFAN

C50 TREOSULFAN (mg/L)

0.79 (18.91)
75.90 (26.17)
8.02 (12.04)
35.41 (36.95)
0.10 (13.93)
77.10 (11.23)
0.70 (13.45)
54.91 (46.72)
1.20 (10.71)
1.40-10"* (12.23)

[0.52 —0.81]
[73.48 —90.5]
[6.91 — 10.63]

[35.35 — 45.82]
[0.07 —0.11]
[72.80 — 80.62]
[0.45 - 0.71]
[44.71 - 55.71]
[1.13-1.52]
[1.1-10% — 1.5-10%]

IV C50 (CV%) 44.73 (39.81) [44.68 —47.83]
Transplant effect: Kprol and Gamma  1.05 (2.77) [1.01-1.08]
Transplant effect: Transit 1.03 (11.41) [0.88 —1.15]
Transplant effect: Transit + Alem 1.98 (12.46) [1.63 —2.32]
Latency time Transplant (days) 9.07 (25.13) [8.90-17.20]
IIV Latency time Transplant (CV%) 99.5 (13.43) [78.68 —99.70]
IIV Bioavailability Transplant (CV%) 114 (26.01) [113.13-134.31]
Residual error[log (10°/L)] 0.60 (5.78) [0.59-0.71]

CIRCEQ — Absolute neutrophil count at steady state ; IV — Inter Individual Variability; MTT —

Mean Transit Time; KKILL — Killing constant; Kprol — Proliferation constant; Alem — co-

administration of Alemtuzumab; CV — Coefficient of Variation.
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