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Abstract

Introduction—High-dose busulfan (busulfan) is an integral part of the majority of hematopoietic
cell transplantation conditioning regimens. Intravenous (1V) busulfan doses are personalized using
pharmacokinetics (PK)-based dosing where the patient’s IV busulfan clearance is calculated after
the first dose and is used to personalize subsequent doses to a target plasma exposure. PK-guided
dosing has improved patient outcomes and is clinically accepted but highly resource intensive.

Objective—We sought to discover endogenous plasma biomarkers predictive of IV busulfan
clearance using a global pharmacometabolomics-based approach.

Methods—Using LC-QTOF, we analyzed 59 (discovery) and 88 (validation) plasma samples
obtained before IV busulfan administration.

Results—In the discovery dataset, we evaluated the association of the relative abundance of 1885
ions with 1V busulfan clearance and found 21 ions that were associated with 1V busulfan clearance
tertiles (r2 = 0.3). Identified compounds were deoxycholic acid and/or chenodeoxycholic acid, and
linoleic acid. We used these 21 ions to develop a parsimonious seven-ion linear predictive model
that accurately predicted IV busulfan clearance in 93% (discovery) and 78% (validation) of
samples.

Conclusion—IV busulfan clearance was significantly correlated with the relative abundance of
21 ions, seven of which were included in a predictive model that accurately predicted IV busulfan
clearance in the majority of the validation samples. These results reinforce the potential of
pharmacometabolomics as a critical tool in personalized medicine, with the potential to improve
the personalized dosing of drugs with a narrow therapeutic index such as busulfan.
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INTRODUCTION

The goal of an allogeneic hematopoietic cell transplant (HCT) is to cure the patient — termed
the host or recipient — of their underlying disease by replacing their hematopoietic cells with
cells from a healthy donor (Copelan 2006). The transplantation of donor cells that are not
genetically identical (i.e., allogeneic) can result in bi-directional immunologic reactions (i.e.,
host-versus-graft and graft-versus-host) (Copelan 2006). In HCT, grafting of cells from one
individual to another provokes immunologic reactions involved in engraftment of the donor
cells, graft-versus-host disease, control of a malignancy (termed graft versus tumor), the
development of tolerance, and immune reconstitution (Copelan 2006). High-dose busulfan
(busulfan) plays a key role in the majority of HCT conditioning regimens that do not include
total body irradiation. Improving the efficacy and reducing the toxicity of intravenous (V)
busulfan is critical to avoid the devastating effects of conditioning regimens using total body
irradiation (Nieder et al. 2011). Furthermore, recent data has shown improved overall
survival in HCT recipients conditioned with IV busulfan as compared to total body
irradiation (Copelan et al. 2013).

Busulfan has a narrow therapeutic index, and busulfan plasma exposure — typically
expressed as area under the plasma concentration-time curve (AUC) — is a predictive
biomarker that forecasts the likely response to IV busulfan-containing conditioning regimens
(Copelan 2006; McCune and Holmberg 2009). An individual’s IV busulfan dose and
clearance estimate their plasma exposure, which can be expressed as AUC or concentration
at steady state (Cgs defined as AUC divided by the dosing interval) (McCune and Holmberg
2009). Busulfan clearance, which is a measure of how rapidly busulfan is eliminated from
the body, has moderate between-subject variability (coefficient of variation of 20.5% after
IV administration) (McCune and Holmberg 2009). Low IV busulfan AUC, caused by rapid
IV busulfan clearance, is associated with an increased risk of rejection or relapse, while high
IV busulfan AUC is associated with an increased risk of hepatotoxicity and non-relapse
mortality. Personalizing IV busulfan doses to a target plasma AUC - termed
pharmacokinetics (PK)-based dosing or targeted busulfan (TBU)- improves each of these
clinical outcomes (McCune and Holmberg 2009). Because of 1V busulfan’s narrow
therapeutic index, PK-guided IV busulfan dosing is the standard of care (Jenke et al. 2005;
McCune et al. 2012; Rezvani et al. 2013). Body weight is used to estimate IV busulfan dose
1. After dose 1 administration, six to seven serial PK samples (Yeh et al. 2012) are collected
and transported to the analytical facility for quantification of the plasma busulfan
concentrations. The patient’s busulfan clearance is estimated using non-compartmental
analysis of the busulfan concentration-time data. The busulfan clearance and target AUC for
that patient are used to personalize the 1V busulfan dose. Unfortunately, the current dosing
method of using body weight for dose 1 IV busulfan dose rarely achieves the target AUC.
Specifically, using body weight to determine dose 1 of IV busulfan results in only 24% of
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children (McCune et al. 2013) and 23% of adults (Yeh et al. 2012) achieving their
personalized target IV busulfan AUC.

Despite the acceptance of AUC as a predictive biomarker of the patient’s response to
busulfan-containing HCT regimens, identifying novel biomarkers is desirable because of the
rapidly evolving trend of shorter IV busulfan courses (Tarantal et al. 2012) and because
relapse and non-relapse mortality continue to be problematic even with PK-guided 1V
busulfan dosing (Jenke et al. 2005; Rezvani et al. 2013). McCune et al. recently developed a
population pharmacokinetic model for IV busulfan from a large cohort of HCT recipients
(N=1610, 92% pediatric) (McCune et al. 2014). Age and normal fat mass (NFM) were
identified as patient-specific characteristics that were associated with 1V busulfan clearance
(McCune et al. 2014). Additionally, to date, predictors of clinical outcomes for the other
common components of the HCT conditioning regimens, such as cyclophosphamide or
fludarabine pharmacokinetics, have not been found (McCune et al. 2007; McCune et al.
2012). Therefore, we propose using global pharmacometabolomics profiling to identify
potential biomarkers of IV busulfan clearance. Following statistical analyses, candidate ions
can be selected for metabolite identification and the analysis of metabolic pathways
(Nicholson et al. 2002).

In recent years, the use of pre-dose metabolite profiling to predict drug response has been
evaluated for other fields.(Clayton et al. 2009; Clayton et al. 2006). With the current focus
on precision medicine, metabolomics is emerging as a tool to predict both pharmacokinetic
and pharmacodynamic outcomes.{Rotroff, 2016 #19023}{Kaddurah-Daouk, 2015 #19024}
{Kaddurah-Daouk, 2014 #19025}{Everett, 2015 #19026} Targeted and global
metabolomics have been used to identify altered metabolic pathways, thereby providing
insight into the underlying causes of variability and degree of response to drug treatment.
Using the metabolomics analyses of pre-dose samples, investigators have been able to
predict the efficacy and the potential for toxicity for various classes of drugs.

Thus, we sought to determine whether endogenous pharmacometabolomics-based
biomarkers obtained before IV busulfan administration can predict IV busulfan clearance in
a HCT patient population.

METHODS

Study population

Between April 2006 to November 2012, HCT recipients aged 21.5 to 65.8 years underwent
PK-guided dosing of IV busulfan (Table 1) under the auspices of their HCT treatment
protocol. The samples were quantitated at the College of American Pathologists (CAP)-
certified Busulfan Pharmacokinetics Laboratory. Information on the subjects’ age, sex,
height, total (i.e., actual) body weight (TBW), dosing weight (calculated as previously
described (Rezvani et al. 2013), and HCT conditioning regimen were available. Total body
weight was used for dosing if the total body weight was less than the ideal body weight,
whereas adjusted ideal body weight was used if the total body weight was greater than the
ideal body weight. Subjects received antiemetics, antibiotics, and antifungals per Fred Hutch
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Standard Practice Guidelines, minimizing potential confounders. All subjects received
phenytoin to prevent IV busulfan-induced seizures.

All subjects gave written informed consent before participating in the treatment protocols.
The Fred Hutch Institutional Review Board approved the treatment protocol as well as this
retrospective analysis of samples to identify biomarkers of IV busulfan clearance using
pharmacometabolomics.

IV busulfan pharmacokinetics

The dose 1 1V busulfan clearance was the primary outcome. The pharmacokinetic sampling
schema and quantitation of plasma IV busulfan concentrations were previously described
(Rezvani et al. 2013; McCune et al. 2012). In brief, for each patient, the IV busulfan
concentration-time profile after dose 1 underwent noncompartmental analysis to estimate 1V
busulfan clearance using Phoenix WinNonlin (Certara USA, Princeton, NJ) (McCune et al.
2013). The IV busulfan clearances were expressed relative to NFM, which accounts for body
size differences in children and adults so that one population pharmacokinetic model could
be used for all HCT recipients. NFM was calculated as previously described (Online
Resource - Methods) (McCune et al. 2014). Briefly, all PK parameters, including clearance,
were scaled for body size using allometric theory and the predicted free fat mass (FFM),
which was calculated from height and weight (Janmahasatian et al. 2005; Anderson and
Holford 2008; Janmahasatian et al. 2008; Anderson and Holford 2009). The FFM was
subsequently used with additional body metrics and 1V busulfan-specific PK parameters to
estimate NFM (Cortinez et al. 2010). The range of IV busulfan clearances in these patients
was similar to other adult HCT populations (Online Resource Supplemental Figure 1)
(McCune et al. 2014). The dataset was divided into three IV busulfan clearance tertiles
(slow, moderate or rapid) (Figure 1).

Metabolomic sample collection

Metabolomic profiling was conducted on plasma samples obtained before IV busulfan
administration (N=147, Table 1) from 108 subjects. Plasma samples were collected in citrate
or EDTA blood collection tubes (BCT) before administration of any HCT conditioning or
following administration of either cyclophosphamide or fludarabine, which were
administered as part of HCT conditioning.

Metabolomic sample extraction and processing

Samples for global profiling were prepared as described previously (Tay-Sontheimer et al.
2014). In brief, 200 uL of plasma were combined with 800 uL of ice-cold acetonitrile
containing deuterated internal standards to monitor for shifts in retention time. Samples were
vortexed for 30 seconds and centrifuged at 20,000 RCF at 4°C for 10 min. The supernatant
was transferred to glass tubes and evaporated under nitrogen gas at room temperature.
Samples were reconstituted by adding 25 pL of methanol and 25 pL of 0.4% acetic acid in
water, vortexed, and transferred to vials for analysis.
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Liquid chromatography-quadrupole time-of-flight (LC-QTOF) analysis

Global metabolomics analyses of samples were performed using an Agilent (Santa Clara,
CA) 1200 LC coupled to an Agilent 6520 QTOF mass spectrometer. Samples (2 uL
injection) were separated chromatographically using a 3.5 um, 2.1 x 30 mm Agilent Zorbax
SB-C8 guard column and a 1.8 ym, 2.1 x 50 mm Agilent Zorbax SB-Aq analytical column
heated to 60°C. The flow rate was 0.6 mL/min with A: 0.2% acetic acid in water and B:
0.2% acetic acid in methanol (2% to 98% B in 13 min, 98% B until 19 min followed by re-
equilibration for 5 min). The total run time was 24 min per sample. The MS source was
maintained at 350°C with a capillary voltage of 3500 V, and the desolvation gas flow was 12
L/min. Scans were obtained between /2100 and 1000 at an acquisition rate of 3 spectra/
sec. Data were collected using electrospray ionization (ESI) in positive and negative modes.

Data processing, filtering and normalization

The data analysis and metabolite identification are summarized in Online Resource
Supplemental Figure 2. Raw data files were exported to mzData format, and the R package
xcms was used to analyze raw mass spectral data (Benton et al. 2010; Smith et al. 2006;
Tautenhahn et al. 2008). Feature detection was performed using the xcms “centWave”
algorithm, and retention-time correction was performed using the function “peakgroups”
with smoothing via a loess function. The resulting list of ion features was exported for
filtering, normalization, and statistical analysis. All analyses were performed using the
statistical programming language R (R Core Team 2014).

lons were deemed uninformative and excluded when observed in fewer than 25% of all
samples. A pseudo-count of one was added to every ion abundance value to allow for log-
transformation, and each sample was scaled by its total ion abundance. Scaled abundances
were multiplied by 1x10° for ease of presentation and then log-transformed for subsequent
analyses. To remove redundant isotopic peaks, only the major peak was retained among ions
that exhibited the following: (1) correlation among chromatograms greater than 0.9; (2)
matching retention times; and (3) mass differences of multiples of 1.0087 Da. Finally, to
ensure reproducibility, low-signal ions (mean scaled abundance below zero) were removed.
The statistical analysis was based on the resulting 1885 total ions (1286 positive and 599
negative).

Selection of the discovery and validation datasets

An initial evaluation of the data using principal component analysis explored whether the
global metabolome differed by the characteristics of sex, HCT conditioning regimen,
diagnosis or BCT. There were no observed differences with any of these four characteristics.
For statistical analyses, the samples were split into separate discovery and validation sets in
a manner that maintained the greatest degree of homogeneity within each dataset while
maintaining the objective evaluation of associations between ion abundance and busulfan
clearance. The discovery dataset (n=59 samples) was comprised of samples collected in
citrate BCT with no prior HCT conditioning administered to the subject. Samples in the
validation dataset (n=88) were collected in EDTA but had greater heterogeneity with regards
to conditioning, having had no conditioning (n=31), cyclophosphamide (n=50) (Rezvani et
al. 2013) or fludarabine (n=7) (McCune et al. 2012) administered before sample collection.
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Statistical analysis

Rather than fitting a separate univariate model for each of the 1885 ions, we allowed for
correlations among ion abundances by first applying a multivariate regression model. For
this, we fit a penalized least squares (ridge) regression model(Buhlmann et al. 2014) with all
ion abundances using IV busulfan clearance as the outcome. This was implemented using
the “refund” R package (Huang et al. 2015) in which the penalty tuning parameter is chosen
automatically via a restricted maximum likelihood approach (Randolph et al. 2012). From
this model, ions were selected by keeping only those whose regression coefficient had a 95%
confidence interval not containing zero. Among the resulting 167 ions, this list was further
reduced by retaining ions whose abundances exhibited an r2 of at least 0.3 in a (marginal)
univariate linear model of association with IV busulfan clearance anda monotonic increase
or decrease across subjects ordered by tertiles of 1V busulfan clearance. The latter criterion
served to focus on ions that would be of most predictive of 1V busulfan clearance. The
possible identities of these 21 ions, which are referred to as “selected” ions, were determined
as described below.

In parallel, we constructed a statistical predictive model by starting with the selected ions
and applying backward and forward stepwise variable-selection. The goodness of fit was
assessed using the Akaike information criterion (AIC). The final linear model contained
seven ions, which are referred to as “predictive” ions.

Validation dataset

To verify the ability of the seven-ion predictive model to estimate IV busulfan clearance, this
model was applied to the validation dataset, and IV busulfan clearance was calculated for
each subject. A predicted IV busulfan clearance was considered to be accurate for each
subject if the value was within 80 to 125% of the observed IV busulfan clearance. This 80 to
125% range is used by the FDA to ascertain bioequivalence (Administration 2000) and is a
reasonable metric by which to determine prediction accuracy. The model validation was
completed by applying the predictive model, created using the discovery dataset, to the
samples in the validation dataset.

Evaluation of blood collection tubes (BCT)

Of the 108 subjects, 39 subjects had samples collected on two separate occasions, once in
citrate BCT (i.e., part of the discovery dataset) and once in EDTA BCT (i.e., part of the
validation dataset). These samples allowed for a comprehensive evaluation of the within-
subject variability and the effect of the BCT upon the 21 selected ions. To ascertain whether
the BCT affected the ion abundance in the predictive model, the correlation was determined
for each ion abundance measured in the citrate versus EDTA BCT for the 39 subjects.

lon identification

Identification of the 21 selected ions was carried out following established methods (Xu et
al. 2013) and by searching major metabolomics databases using the accurate mass (within
15 ppm) and MS/MS fragmentation spectra when available. Databases queried included
METLIN (http://metlin.scripps.edu/), Massbank (http://masshank.imm.ac.cn/MassBank) and
HMDB (Version 3.0 http://hmdb.ca/) using exact molecular weights. Commercially available
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standards were purchased from Sigma-Aldrich (St. Louis, MO) to confirm the identity of
ions with a putative identification.

RESULTS

Patient characteristics

Patient pre-transplant demographics and HCT characteristics are described in Table 1. The
mean age was 50.4 years (range: 21.6 to 65.8) with a slightly higher percentage of males
(60.5%). The mean (x standard deviation) of the IV busulfan clearance was 3.17 + 0.53
ml/min/kg NFM for the discovery dataset and 3.26 + 0.56 ml/min/kg NFM for the validation
dataset. The IV busulfan clearance by dosing weight and NFM are shown in Online
Resources Supplemental Figures 2A and 2B.

Pharmacometabolomics

The goal of these analyses was to determine whether endogenous pharmacometabolomics-
based biomarkers obtained before 1V busulfan administration could be used to predict IV
busulfan clearance. After aligning, filtering and normalizing the data, a total of 1885 ions
were included in the analyses (Online Resource Supplemental Figure 2). The data were split
into discovery and validation datasets based on the BCT. The 21 selected ions were detected
within a two-minute window using our LC-QTOF conditions (range: 10.5 to 12.5 min). Of
the selected ions, 11 ions were detected in negative ESI mode, and 10 ions were detected in
positive ESI mode (Table 2). The ion with the strongest correlation with 1V busulfan
clearance (r2 = 0.57) was /77/z = 626.353 with a retention time of 11.0 min and was detected
in negative mode. Twelve of these selected ions were positively correlated with 1V busulfan
clearance, whereas the other nine ions had abundances that decreased as clearance increased
(Figure 2).

A predictive model for IV busulfan clearance

A linear predictive model was subsequently built from these 21 selected ions. As described
in the Statistical Analysis section, we used stepwise variable selection to construct a linear
model based on seven ions as predictors of IV busulfan clearance (Table 3). The prediction
of clearance was defined as accurate when the predicted IV busulfan clearance fell within 80
to 125% of the observed 1V busulfan clearance.(Administration 2000) Of the 59 samples in
the discovery dataset, IV busulfan clearance was accurately predicted for 55 samples
(93.2%). For the 88 samples in the validation dataset, which were not used in constructing
the predictive model, 1V busulfan clearance was accurately predicted for 69 samples
(78.4%). Figure 3 shows the observed versus predicted 1V busulfan clearance for both the
discovery and validation datasets.

Evaluation of BCT

For the seven predictive ions, the ion abundances were similar when plasma was collected in
citrate or EDTA BCTSs. A strong positive correlation (r2 from 0.50 to 0.85) was found for six
of the seven ions, suggesting that the BCT did not greatly affect ion abundance (Online
Resource Supplemental Figures 3). The predicted IV busulfan clearances from the citrate
BCT samples were comparable to the predicted IV busulfan clearances from the EDTA BCT

Metabolomics. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal. Page 8

samples, suggesting that the BCT did not substantially affect the results of the predictive
model (Online Resources, Supplemental Figures 3 and 4).

lon identification

Four of the 21 selected ions were potentially identified. For the remaining 16 ions, the
hypothesized classes as determined by METLIN is listed in Table 2. The authentic standards
for both chenodeoxycholic acid and deoxycholic acid, which differ only in the position of a
hydroxyl group and thus have identical molecular weights, eluted at the same time (~10.8
min) and with peaks at the same m/z as the ions with m/z of 357.279 and 415.282. These
ions represent the loss of two water molecules (7/z of 357.279; i.e., [M+H - 2 H,0]+) and
the sodium adduct (m/z of 415.282; i.e., [M+Na]+) of chenodeoxycholic acid and/or
deoxycholic acid (monoisotopic MW = 392.293 Da). When selected samples were analyzed
at a collision energy of 20 V, the fragmentation pattern of the 357.279 m/z ion was similar to
that of authentic standards of both chenodeoxycholic acid and deoxycholic acid. We were
not able to fragment the 415.282 m/z ion. Chenodeoxycholic acid and deoxycholic acid
could not be resolved chromatographically using the stated LC-QTOF conditions.

The ions with m/z of 303.230 and 319.193 eluting at 11.8 minutes are consistent with the
sodium (i.e., [M+Na]+) and potassium (i.e., [M+K]+) adducts of linoleic acid. The authentic
standard for linoleic acid gave rise to peaks with m/z of 281.247 ([M+H]+), 303.230 ([M
+Na]+), and 319.193 ([M+K]+) that co-eluted within 0.1 min of the peaks seen in clinical
plasma samples. The putative [M+H]+ peak was also observed in clinical samples, but a
slightly overlapping peak at the same m/z likely interfered with its accurate integration, and
that ion was not significantly correlated with busulfan clearance. The hypothesized sodium
and potassium adducts of linoleic acid were unable to be fragmented successfully,
precluding confirmation of its identity based on fragmentation pattern.

DISCUSSION

These analyses provide encouraging results demonstrating the potential of
pharmacometabolomics-based markers for informing IV busulfan dosing. Using a semi-
quantitative, untargeted LC-MS platform to measure predose endogenous metabolite ions in
plasma in citrate BCT, we built a statistical model from a small number of ions that provides
a modest but reproducible capability to predict IV busulfan clearance in a separate dataset of
subjects whose plasma samples were collected in a different BCT (i.e., EDTA).

Busulfan is a bi-functional alkylating agent that rapidly (i.e., within 2 minutes) damages
DNA in a dose-dependent manner ex vivo (Morales-Ramirez et al. 2006). Busulfan plasma
exposure has proven to be a predictive marker for outcomes, and PK-guided busulfan dosing
has been shown to lower rates of rejection, nonrelapse mortality, and relapse in select HCT
recipients (Deeg et al. 2006; Radich et al. 2003). Although the recent increase in PK-guided
dosing of busulfan shows that this strategy is feasible, the resource intensity of
pharmacokinetic sampling has been a barrier. PK-guided dosing is resource-intensive,
involving the collection of multiple blood samples after IV busulfan administration,
quantitation of plasma busulfan concentrations, and subsequent pharmacokinetic analysis to
calculate patient-specific busulfan clearance (as clearance = dose/AUC) for personalizing
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future doses to the target AUC. More efficient methods to estimate IV busulfan systemic
exposure and clearance are desirable because shorter (i.e., 2-day) busulfan regimens are
increasingly popular. The combination of estimating busulfan doses to achieve target
busulfan AUC based on a population pharmacokinetic model (McCune et al. 2014) and pre-
dose pharmacometabolomics may decrease the need for resource-intensive PK-guided
dosing.

After 1V administration of radiolabeled busulfan, less than 50% of the administered dose is
recovered in the urine (Nadkarni et al. 1959; Vodopick et al. 1969). Approximately one-third
(i.e., 32.8 £ 2.2%) of busulfan is irreversibly bound to plasma proteins, primarily albumin
(Ehrsson and Hassan 1984). Only a small fraction (<3%) of a busulfan dose is excreted
unchanged in the urine, with negligible amounts in the feces (Hassan et al. 1989; Ehrsson et
al. 1983) The primary route of elimination for busulfan is by hepatic glutathione
conjugation, catalyzed by glutathione transferases (GSTs) (Hassan and Ehrsson 1987; Gibbs
et al. 1996; Czerwinski et al. 1996). Of the various classes of GSTSs, busulfan is
predominantly conjugated by GSTA1-1 (alpha class), with GSTM1-1 (mu class) and
GSTP1-1 (pi class) participating to a lesser degree (Czerwinski et al. 1996). The conjugated
metabolite, -y-glutamyl-p-(S-tetrahydrothiophenium)-alanyl-glycine (THT+) (Gibbs et al.
1997; Hassan et al. 1996), is subsequently metabolized by various cytochrome P450
enzymes, specifically CYP1AL, 2B6, 2C8, 2C9, and 2C19 (El-Serafi et al. 2014).

The associations of IV busulfan clearance with various genetic polymorphisms, usually
those regulating GSTA1-1 and GSTM1-1 hepatic protein expression, have been examined.
Polymorphisms in GSTAZ and GSTM!I are not consistently associated with 1V busulfan
clearance, making constitutional genetics-based dosing infeasible (Zwaveling et al. 2008;
Abbasi et al. 2011). In HCT recipients, plasma alpha GST activity was only moderately
correlated with hepatic GST expression (r?=0.567) (Poonkuzhali et al. 2001) as was blood
GSH with IV busulfan clearance (r2=0.45) (Almog et al. 2011). Thus, lymphocyte mMRNA or
protein activity will not sufficiently reflect hepatic mMRNA or protein expression of IV
busulfan-metabolizing enzymes, making RNA or protein techniques obtained from a blood
sample infeasible biomarkers for IV busulfan PK. Alternative techniques, such as
pharmacometabolomics, can be used to identify biomarkers to replace PK-guided IV
busulfan dosing, with the eventual goal of improving overall survival after IV busulfan-
containing HCT conditioning regimens. The work herein is encouraging proof of principle
that IV busulfan clearance can be predicted by endogenous pharmacometabolomics.

Of the 21 selected ions associated with IV busulfan clearance tertiles, deoxycholic acid
and/or chenodeoxycholic acid as well as linoleic acid were identified. We could not find any
published literature evaluating the effect of these bile acids upon busulfan metabolism,
though bile acids have been shown to inhibit human GST activity /n vitro.(Singh et al. 1988)
Singh et al. showed that human GSTs are inhibited by bile acids, including
chenodeoxycholic acid, with varying potency based on the GST isozyme studied.(Singh et
al. 1988) Conjugation by GST is the first step in busulfan metabolism and inhibition of this
step could lead to a decrease in busulfan clearance. In our study, while we did observe that
individuals with slow clearance showed elevated levels of linoleic acid and deoxycholic acid
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and/or chenodeoxycholic acid when compared to those with rapid clearance, further work
needs to be done to confirm this association.

A different bile acid — ursodeoxycholic acid — is administered to HCT recipients to lower the
risk of hepatotoxicity. In HCT recipients, there were no statistically significant differences in
cyclosporine pharmacokinetics between ursodeoxycholic acid and placebo but its effect
upon other HCT medications — including busulfan — have not been examined.
Chenodeoxycholic acid increases hepatic mMRNA expression of CYP2B6, 2C8, 2C19 and
3A4 in a human hepatocyte model (Chaudhry et al. 2013), and induces CAR, FXR, and PXR
in primary hepatocytes and Caco-2 cells (Martin et al. 2008). CAR induces expression of
CYP1A1, and CAR and PXR both induce expression of CYP2B6, 2C9, and 2C19 (Wang et
al. 2012). These CYPs are involved in the metabolism of the busulfan metabolite THT* (EI-
Serafi et al. 2014). Also, GSH conjugates of chenodeoxycholic acid have been found in the
bile of human infants (although not adults) (Mitamura et al. 2011), which may be relevant
since the primary route of busulfan metabolism is via conjugation of GSH by GSTs. If GST-
mediated glutathionylation of busulfan is lower in some patients than in others, then GST-
mediated glutathionylation of bile acids could also be low in these patients, leading to
relatively higher concentrations of the bile acids chenodeoxycholic acid and/or deoxycholic
acid (i.e., the ions with m/z of 357.278 and 415.282 with retention time of 10.8 minutes) —
and lower concentrations of the products of that reaction, GSH-bile-acid conjugates (not
measured). In this analysis, chenodeoxycholic acid or deoxycholic acid were negatively
correlated with 1V busulfan clearance. The putative mechanism of deoxycholic acid and
chenodeoxycholic acid association with 1V busulfan clearance could be via their influence
upon THT* metabolism or could reflect GST activity, but /n7 vitro studies are needed to test
and to clarify these hypotheses.

There are some limitations to this work. IV busulfan plasma exposure was not the primary
endpoint because it is determined by the administered IV busulfan dose (McCune et al.
2013), the administration interval, and the patient-specific IV busulfan clearance. The
purpose of PK-guided dosing is to estimate the patient-specific IV busulfan clearance, which
was the primary endpoint. Given the substantive number of ions identified detected with
global pharmacometabolomics approaches, we focused upon a discrete and well-defined
endpoint (i.e., busulfan clearance) over clinical outcomes because of the heterogeneity of the
patient population (Table 1). Typical of an HCT analysis, there was considerable
heterogeneity in the additional components of the HCT conditioning regimens, in the
underlying diagnoses of the patient population, and in the type of allogeneic graft, all of
which can affect clinical outcomes (Copelan 2006). The samples were collected in two
different BCT, which fortunately did not appear to influence the ions of interest. We
assigned samples to the discovery dataset because of their homogeneity (i.e., no HCT
conditioning medications in the pharmacometabolomics samples). Despite the difference in
HCT conditioning in the discovery and validation datasets, IV busulfan clearance was
adequately estimated by the predictive model in the validation datasets (i.e., 78.4% of the
validation samples were within 80% to 125% of the observed IV busulfan clearance values).
More precise estimation of IV busulfan clearance is desirable to allow more accurate
personalization of IV busulfan doses to achieve the desired busulfan plasma exposure.
Finally, as in other pharmacometabolomics studies, identification of ions of interest is a
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hurdle. We identified deoxycholic acid and/or chenodeoxycholic acid and linoleic acid as
part of the 21 selected ions, but only one ion as part of the seven predictive ions. An analysis
of deoxycholic acid, chenodeoxycholic acid, and linoleic acid concentrations, quantitated
using targeted assays, and subsequent correlation with 1V busulfan clearance should be
conducted. Finally, these results should be confirmed in a prospective study to determine
how precisely the predictive model is able to estimate IV busulfan clearance and what other
information can be incorporated (e.g., population-based PK model) (McCune et al. 2014) to
improve the estimation of the IV busulfan dose for HCT patients.

OVERALL CONCLUSIONS

We evaluated the association of the relative abundance of 1885 ions with IV busulfan
clearance and found 21 ions that were significantly correlated with IV busulfan clearance.
The seven-ion predictive model accurately predicted IV busulfan clearance in the majority of
the validation samples. These results reinforce the potential of pharmacometabolomics as a
critical tool in personalized medicine, with the potential to improve the personalized dosing
of drugs with a narrow therapeutic index such as busulfan.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

IV busulfan clearance is shown in tertiles for the discovery and validation datasets. Open
circles — slow clearance tertile, “X” symbols — moderate clearance tertile, black triangles —
rapid clearance tertile. Horizontal lines represent the mean clearance for that group.
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Log-normalized abundance

Page 16

Linear regressions of discovery dataset ion abundance with IV busulfan clearance of the
selected 21 ions with r2 = 0.3 and monotonic change by IV busulfan clearance tertile. Open
circles — slow clearance tertile, “X” symbols — moderate clearance tertile, black triangles —
rapid clearance tertile. Each ion is identified by the mass-to-charge ratio (m/z) and retention

time (RT in min).
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Fig. 3.
The performance of the seven-ion predictive model to estimate 1V busulfan clearance in the

discovery and validation datasets. The middle solid line represents the line of unity, and the
outer dotted lines represent 80 and 125% of the observed IV busulfan clearance. Observed
clearance is 1V busulfan clearance (ml/min/kg NFM) estimated using noncompartmental
analysis. Predicted clearance is IV busulfan clearance (ml/min/kg of NFM) estimated using
the seven-ion predictive model. Open circles — slow clearance tertile, “X” symbols —
moderate clearance tertile, black triangles — rapid clearance tertile.
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Discovery dataset Validation dataset Entire populationb
Number 59 88 108
Blood collection tube (BCT)¢
Citrate 59 (100%) 0 59 (40.1%)
EDTA 0 88 (100%) 88 (59.9%)
Drugs present in pharmacometabolomics sample
None 59 (100%) 31 (35.2%) c
Cyclophosphamide 0 50 (56.8%) c
Fludarabine 0 7 (8.0%) c
Age, in years 48.7+12.4(21.6-64.0) | 50.8+11.2(21.6-65.8) | 50.4 +11.2 (21.6 - 65.8)
Dosing weight (DWT, kg)? 704116 69.0 £11.0 69.4 £11.2
Normal fat mass (NFM, kg) 68.6 +14.9 67.3+13.6 67.5+13.9
Male sex 35 (59.3%) 54 (61.4%) 65 (60.2%)
HCT Conditioning®
Cyclophosphamide/Busulfan 27 (45.8%) 62 (70.5%) 69 (63.9%)
Busulfan/Cyclophosphamide 3(5.1%) 2 (2.3%) 3(2.8%)
Fludarabine/Busulfan 27 (45.8%) 17 (19.3%) 27 (25%)
Fludarabine/Busulfan/Thymoglobulin 2 (3.4%) 7 (8%) 9 (8.3%)
Busulfan dosing frequency
Every 6 hour 11 (18.6%) 4 (4.5%) 11 (10.2%)
Every 24 hour 48 (81.4%) 84 (95.5%) 97 (89.8%)
1V busulfan clearance (ml/min/kg NFM) 3.17+0.53 3.26 + 0.56 3.20+0.55
Diagnosis
Aplastic anemia 1(1.7%) 1(1.1%) 1(0.9%)
Acute lymphoblastic leukemia 1(1.7%) 1(1.1%) 1(0.9%)
Acute myeloid leukemia 30 (50.8%) 35 (39.8%) 46 (42.6%)
Chronic myeloid leukemia (CML) 2 (3.4%) 4 (4.5%) 4 (3.7%)
Chronic myelomonocytic leukemia 2 (3.4%) 1(1.1%) 2 (1.9%)
Myelodysplastic syndrome (MDS) 11 (18.6%) 17 (19.3%) 21 (19.4%)
MDS/CML 1 (1.7%) 1 (1.1%) 1 (0.9%)
Myelofibrosis 9 (15.3%) 24 (27.3%) 27 (25%)
Myeloproliferative disease 2 (3.4%) 4 (4.5%) 5 (4.6%)

a - .
Data presented as: number (%) or mean + standard deviation (range); percentages may not total 100 because of rounding.

bNumber of samples (discovery and validation datasets) and number of subjects (entire population).

cOf the 108 subjects, 39 subjects had samples collected on two separate occasions, once in citrate BCT (i.e., part of the discovery dataset) and once
in EDTA BCT (i.e., part of the validation dataset). See “Evaluation of blood collection tubes (BCT)” section in Methods.
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a. . . Lo L
Dosing weight described in “IV busulfan pharmacokinetics*.

e. . . - . . Lo A .
listed in administration order; all patients received PK-guided dosed 1V busulfan, as described in “IV busulfan pharmacokinetics* section.
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Table 3

Model coefficients for the seven-ion predictive model.

lon Retention Time (min) | B Estimate + Standard Error | P-value
[Intercept] 3.15+2.36 0.2
600.337 10.5 -214+1.11 0.06
600.337 10.6 227+1.13 0.05
626.353 11.0 0.80 +0.31 0.01
303.230 (Linoleic acid) 11.8 -0.53 £0.27 0.06
393.297 12.5 1.10 £ 0.33 0.002
415.282 (Chenodeoxycholic acid or deoxycholic acid) 10.8 -0.26 £ 0.16 0.1
542.522 11.0 -0.89+£041 0.03

The predictive model is of form E(y)=po + B1 X1 + ... B7 X7 where y is IV busulfan clearance and xj is the abundance of the jth ion. The

Page 22

coefficients, Bj, were estimated using the discovery data. These values of Bj were then fixed in this equation while the Xj values obtained from the
validation dataset were used to obtain the predicted values, y*, of the observed y.
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