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Abstract

Purpose Genetic variation in the activation of the prodrug cyclophosphamide (CP) by cytochrome P450 (CYP) enzymes has
been shown to influence outcomes. However, CYP are also subject to phenoconversion due to either the effects of comedica-
tions or cancer associated down-regulation of expression. The aim of this study was to assess the relationship between CP
bioactivation with CYP2B6 and CYP2C19 genotype, as well as CYP2C19 phenotype, in breast cancer patients.

Methods CP and the active metabolite levels were assessed in breast cancer patients (n=234) at cycle 1 and cycle 3 of
treatment. Patients were genotyped for a series of SNP known to affect CYP2B6 and CYP2C19 function. The activity of
CYP2C19 was also assessed using a probe drug.

Results We found a significant linear gene-dose relationship with CYP2B6 coding SNP and formation of 4-hydroxycyclo-
phosphamide. A possible association with CYP2C19 null genotype at cycle 1 was obscured at cycle 3 due to the substantial
intra-individual change in CP bioactivation on subsequent dosing.

Conclusion Comedications may be the cause for this inter-occasion variation in bioactivation of cyclophosphamide and the
ensuing phenoconversion may account for the conflicting reports in the literature about the relationship between CYP2C19
genotype and CP bioactivation pharmacokinetics. Trial registration ANZCTR363222 (6/11/2012, retrospectively registered).
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Background

Cyclophosphamide (CP) is an alkylating agent used in the
treatment of solid and haematological malignancies. It is
also used as an immunosuppressive agent in bone marrow
transplantation (stem cell mobilization and conditioning
regimens), as prophylaxis against post-transplantation Graft-
versus Host Disease, and for lymphodepletion in chimeric
antigen receptor T-cell (CAR-T) therapy, in addition to its
use in the treatment of autoimmune disorders such as lupus
nephritis.
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As a prodrug cyclophosphamide is dependent on bio-
activation by hepatic cytochrome P450 (CYP) enzymes to
elicit its therapeutic effect. This results in the formation of
4-hydroxycyclophosphamide (4OHCP), which equilibrates
with its tautomer aldophosphamide in the systemic circula-
tion and undergoes intracellular hydrolysis to form the DNA
alkylating compound phosphoramide mustard (Supplemen-
tary Fig. 1). Since the rate limiting step in the activation of
cyclophosphamide (CP) is formation of 4OHCP, any varia-
bility in activity or expression of the CYP enzymes involved
in this hydroxylation could influence therapeutic outcomes.
Numerous CYP have been reported to catalyse this reac-
tion including CYP2B6, CYP2C9, CYP2C19, CYP3A4,
CYP3AS5 and CYP2J2 [summarised in 1]. However,
CYP2B6 and CYP2C19 are the hepatic enzymes with the
highest activation of cyclophosphamide (intrinsic clearance
56.9 and 5 pL/min mg, respectively) [2]. Importantly both
these enzymes have approximately threefold higher activity
than CYP3A4 when assessed for formation of 4OHCP and
subsequent DNA damage [3].
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Both CYP2B6 and CYP2C19 display substantial inher-
ited variation in expression and activity due common single
nucleotide polymorphisms (SNP) [4, 5]. Individuals who
inherit two loss of function variant alleles for CYP2C19 have
null enzyme function and are termed ‘poor metabolisers’
of drug substrates for this enzyme. The prevalence of these
individuals varies globally, with ~3% of people of European
and ~20% of people of Japanese ancestry having this phe-
notype. CYP2B6 pharmacogenetics are complex since the
common SNP exist in various combinations. Of these, the
*6 allele (rs2279343 + 153745274 haplotype) is most preva-
lent in populations with European ancestry. Moreover, the
coding region SNP in CYP2B6 appear to alter activity in a
substrate-dependent manner.

Whilst there is substantial evidence for the role of
CYP2CI9 and CYP2B6 germline pharmacogenetic variation
in both plasma pharmacokinetics and the clinical outcomes
of cyclophosphamide, in contexts as diverse as haematologi-
cal malignancy, breast cancer, systemic lupus erythematosus
and myeloablation [reviewed in 1], there is often a lack of
assessment of both of these CYP in many of these studies.

In addition, to pharmacogenetic variation, CYP enzyme
activity is also subject to phenoconversion. This is where
there is either induction or inhibition of the enzyme by
comedications. Phenoconversion can also occur due to dis-
ease-associated down-regulation of CYP expression [6]. It
has previously been demonstrated that there is a high preva-
lence of genotype—phenotype discordance for CYP2C19
probe drugs in cancer patients [7—10]. It is not clear whether
this additional phenoconversion influences the relationship
between CYP pharmacogenetics and CP bioactivation.

The aim of this study was to assess the relationship
between CP bioactivation with CYP2B6 and CYP2C19
genotype, as well as CYP2C19 phenotype, in breast cancer
patients.

Methods

This study received approval from the New Zealand Heath
and Disability Northern X Regional Ethics committee
NTX/12/06/052 and was registered (ANZCTR363222).
Patients were eligible for the study if they were diagnosed
with carcinoma of the breast and scheduled to receive cyclo-
phosphamide treatment. Patients had to be at least 18 years
of age and able to give informed written consent. Only
patients with good ECOG performance status (0-2) were
eligible. Patients with poor liver and kidney function were
not eligible for the study (i.e. serum creatinine > 1.5 X ULN;
AST, ALT>2.5x ULN; ALP>5xULN; Bilirubin > ULN).
Patients with any active infection or concurrent chronic
inflammatory condition were excluded from the study.
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To minimise any drug—drug interactions with the
CYP2C19 phenotyping test patients were not eligible for
the study if receiving a CYP2C19 inducer drug required
for other concurrent medical conditions when a washout
period of 5 days was not clinically feasible. Administration
of known CYP2C19 inhibitor drugs, especially omeprazole,
were suspended for a washout period of at least 24 h prior
to phenotyping.

Following written informed consent whole blood
(8.5 mL) was collected into PAXgene blood DNA tubes
(Qiagen, Hilden, Germany) and stored at — 20 °C prior to
analysis. DNA was extracted using the PAXgene Blood
DNA kit (Qiagen, Hilden, Germany) and analysed for
CYP2C19%2 (rs4244285), CYP2CI19%3 (rs49486893),
CYP2C19*17 (rs12248560) and CYP2B6 — 2320 T>C
(rs7254579) alleles using Sequenom MASSarray (Grafton
Clinical Genomics, Auckland). Primer sequences are given
in Supplementary Table 1. CYP2B6 genotypes were deter-
mined using RFLP-PCR as previously reported [11].

The plasma pharmacokinetics of 4OHCP are formation-
rate limited and directly correlate with plasma CP concen-
trations. Since patients receive individualised CP dosage
(mg/m?) based on body size, data are reported as the ratio
of 4OHCP/CP to indicate the fraction of drug bioactivated.
However, this assumes that the competing dechloroethyla-
tion pathway catalysed by CYP3A4 is minimal (Supple-
mentary Fig. 1), hence the data are also shown as forma-
tion of 4OHCP. To minimise patient clinic time, we chose
to use limited sampling, with blood samples collected at
15 min and 30 min after completion of 1 h infusion. These
post-infusion timepoints approximate to 7,,,, and there is
a previously characterised direct relationship between the
prodrug and 4OHCP metabolite exposure over time [12].
The mean values from these two timepoints are reported
as the bioactivation ratio. Plasma concentrations of CP and
40HCP (immediately stabilised upon blood collection) were
determined as previously reported [2].

The CYP2C19 probe substrate proguanil (200 mg, PO)
was administered 1 day prior to scheduled cycle of CP treat-
ment on two separate test occasions (at cycle 1 and cycle 3
of treatment). Proguanil (PG) and the CYP2C19 catalysed
metabolite cycloguanil (CG) were quantified in the 3 h
plasma sample as previously reported and a PG/CG cut-
point of > 10 used to identify phenotypic poor metabolisers
[9, 10].

C-reactive protein was analysed by the local clinical labo-
ratory service.

Statistical analyses were performed in GraphPad PRISM
(version 6, GraphPad Software Inc., USA). Normality was
determined using D’Agostino-Pearson test. Normally dis-
tributed continuous data are reported as mean and standard
deviation (SD). Non-normally distributed data are reported
as median and interquartile range (IQR). Group comparisons
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for non-parametric data used Wilcoxon matched-pairs signed
rank test, and for parametric data either an un-paired 7 test or
the ANOVA linear trend test was used, as appropriate. Val-
ues p < 0.05 were considered to be statistically significant.

Results

Forty-three female patients were registered in the study over
a 2-year period (2012-2014). Of these, three patients were
ineligible or declined the trial prior to start and one patient
declined further chemotherapy after two cycles following
febrile neutropenia and infection. Bioanalysis data were
incomplete or invalid for a further five patients, hence, the
relationship between cyclophosphamide bioactivation at
cycle 1 and cycle 3 with pharmacogenetics was only assess-
able in 34 patients.

Patients received treatment for breast cancer based on
clinical best practice and a number of different cyclophos-
phamide regimens were used (Table 1). The majority of the
patients received adjuvant treatment. Dosages were typically
500-600 mg/m?, more than half of the patients (56%) had a
BMI > 30 kg/m>.

Plasma concentrations of 4OHCP ranged from O to
0.57 pg/mL (15-30 min after end of 1 h infusion). Plasma
CP concentrations ranged from 54.36 to 134.8 ug/mL at
these time points. These values are similar to those previ-
ously reported in pharmacokinetic studies at the end of 1 h
infusion at dosages < 1000 mg/m?. The bioactivation ratio
for cyclophosphamide (4OHCP/CP) ranged from 0.00023
to 0.00366 and was not normally distributed. There was
substantial inter-occasion variation in bioactivation ratios
between treatment cycles 1 and 3, ranging from 30 to 1591%
of the cycle 1 values. The bioactivation at cycle 3 compared
to cycle 1 increased (> 150%) in 11 patients and decreased
(< 65%) in six patients. There was minimal change (+20%)

in 16 patients; 8 of these individuals had almost identical
values (+5%) at both cycles 1 and 3. However, there was no
significant difference (p < 0.56) in the values between cycles
across the n =34 patients. There was no simple relationship
between regimen and these inter-occasion changes in bio-
activation ratio (Fig. 1).

All SNP assessed were in Hardy—Weinberg equilib-
rium, and the minor allele frequencies were consistent with
that expected for the mixed ancestry (European, Maori,
Pacific Peoples, Asian) of the cohort (Supplementary
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Fig. 1 Bioactivation of cyclophosphamide in the patient cohort at
cycle 1 compared with cycle 3. Plasma concentrations of 4-hydroxy-
cyclophosphamide (4OHCP) relative to cyclophosphamide (CP) are
reported. At cycle 1 across all CP regimens the median (IQR) ratio
was 0.00105 (0.0006-0.00165) versus 0.00119 (0.00029-0.0019) at
cycle 3. This was not significantly different between cycles (P =0.20).
Data are grouped based on the type of cyclophosphamide regimen
received. FEC 5-FU, epirubicin and cyclophosphamide (+ docetaxel);
TC docetaxel (taxotere) and cyclophosphamide; AC adriamycin and
cyclophosphamide. Samples with no detectable 4OHCP were given
a nominal value (lower limit of detection of 0.01 pg/mL) to calculate
the ratio

Table 1 Patient demographics

and treatment regimens Age (mean+SD)

Weight (median, IQR)
BMI (median, IQR)
Self-reported ancestry

Treatment

Regimen®

49.14 +13.1 years, range 24—78 years
79.4 kg (68.0-93.1), range 47.4—147.4 kg
30.21 m? (25.6-53.5), range 18.5-47.7 m?

European 23
Non-European® 11
Adjuvant 26
Metastatic 8
FEC-D 15

TC 13 [-2]°
AC 6 [+2]°

“Non-European participants: Maori (6), Samoan (3), Fijian (1), Thai (1)

YFEC-D 5-FU, epirubicin, cyclophosphamide and docetaxel; TC docetaxel and cyclophosphamide; AC
adriamycin and cyclophosphamide; FEC 5-FU, epirubicin, cyclophosphamide. Cyclophosphamide 0.5 g/
m? 1 h iv infusion, every 21 days (FEC-D, AC and TC schedule)

“Two patients received TC for one cycle and then received AC
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«Fig. 2 Relationship between CYP2CI19 null function genotype or
CYP2B6 SNP variant genotype and cyclophosphamide bioactiva-
tion ratio. Data are shown as scatter plots with mean values for each
genotype group. CYP2CI9 null function subjects (homozygous
*2/*%2) have significantly lower bioactivation compared to wildtype
(WT) individuals (p=0.043) at cycle 1. The *17 carriers are shown
as grey symbols. ANOVA linear trend test indicates no significant
relationship for CYP2C19 *2 genotype and bioactivation at cycle 1
(p=0.148) and cycle 3 (p=0.844). Individuals homozygous vari-
ant for CYP2B6 A785G or G516T allele did not have a significantly
lower bioactivation compared with individuals wildtype at these loci
(p=0.329 and 0.328, respectively, at cycle 1; p=0.340 and 0.390
at cycle 3). There was an apparent (non-significant) trend towards a
gene-dose relationship for A785G and G516T at cycle 1 and/or cycle
3 (p values shown on graphs)

Table 2). At cycle 1, patients (n=3) with a homozygous
null function genotype (*2/*2) for CYP2CI9 had a signifi-
cantly lower (p=0.043) bioactivation ratio (mean + SD,
0.00051 +0.00028) compared with individuals who
were not carriers of CYP2C19 null variants (mean + SD,
0.00135 +0.0006). Whilst there appeared to be a gene-
dose trend at cycle 1 this was not statistically significant
(»p=0.148), and no associations were observed at cycle 3
(Fig. 2).

The relationships for each CYP2B6 coding SNP variant
are also shown in Fig. 2. One individual was homozygous
variant at both the A785G and G516T SNP (i.e. GG, TT).
These two SNP are often co-inherited and form a haplo-
type termed the *6 allele. Another individual was homozy-
gous variant at C1459T (i.e. TT, the *5 allele). Whilst there
appeared to be a gene-dose trend for both A785G and G516T
SNP at cycle 1, this was not significant (p =0.0841 and
p=0.0572, respectively). Unlike the CYP2CI19 null func-
tion genotype, individuals who were homozygous variant for
either A785G or G516T did not have a significantly lower
bioactivation ratio compared with those individuals who
were wildtype at these loci (p=0.329 and 0.328, respec-
tively, at cycle 1). No gene-dose association was observed
for the C1459T variant at either cycle (p > 0.50). The pro-
moter region variants (— 750 T> C and — 2320 T > C) also
had no association with bioactivation ratio (p > 0.50) at
either cycle of treatment (Supplementary Fig. 2).

The bioactivation ratio assumes minimal conversion of
CP via the competing pathway to form dechlorethylcyclo-
phosphamide, which is catalysed by CYP3A4. The associa-
tion between CYP2C19 or CYP2B6 genotype and formation
of 4OHCP is shown (Fig. 3). There was lower 4OHCP for-
mation at 15 min post-infusion in the three individuals who
were homozygous null (¥2/¥2) for CYP2C19 and this was
significantly lower than that observed in individuals who
were not carriers of null function alleles (p <0.05). However,
this association was not observed at cycle 3. There was a
significant gene-dose linear trend for both CYP2B6 A785G
and G516T and 4OHCP formation at cycle 1 (p <0.05)

and this trend remained significant for the A785G SNP at
cycle 3 (p<0.001). This same significant gene-dose effect
for CYP2B6 was observed for 4OHCP formation at 30 min
post-infusion (Supplementary Fig. 3).

CYP2C19 activity was probed and a PG/CG > 10 used
as a cut-point to detect poor metaboliser phenotype. Three
individuals were confirmed as homozygous null genotype
(*2/*%2) and had values above this cut-point (Fig. 4). Previ-
ous studies have shown that phenotype—genotype discord-
ance can occur in a proportion of cancer patients (i.e. poor
metaboliser CYP2C19 activity in the presence of at least
one functional allele). At test 1, phenotype—genotype dis-
cordance was observed in one patient. At test 2 (prior to
cycle 3), genotype—phenotype discordance was apparent in
six patients. Notably the CYP2C19 activity had significantly
declined (p =0.0012) across the whole cohort between
test 1 and test 2 (i.e. PG/CG ratio increased). The median
(IQR) value for PG/CG across the patients at test 1 was 1.71
(0.8-5.3) versus 3.46 (1.08-14.81) at test 2. There was no
simple relationship between tumour burden (metastatic dis-
ease vs adjuvant) and decreased CYP2C19 activity. CRP
ranged between 0 and 108 mg/L at test 1 and 0-32 mg/L
at test 2, however, the median (IQR) was identical at 3
(1-6) mg/L on the two test occasions. In those individuals
who were not CYP2C19 null genotype, there was a linear
relationship between CRP and PG/CG ratio at test 2 (slope
0.248, r=0.819). There were no relationships between
either CRP or the PG/CG ratios with CP bioactivation at
either test occasion.

Discussion

The role of CYP2C19 and CYP2B6 pharmacogenes in the
inter-individual variability of 4OHCP formation has been
widely but inconsistently studied. More than 20 studies have
demonstrated that CYP2B6 and/or CYP2C19 loss of function
SNP variants appear to influence bioactivation pharmacoki-
netics or therapeutic outcomes [1]. In this small study of
34 breast cancer patients, using a limited sampling tech-
nique, we have shown that the coding region SNP (A785G
and G516T) in CYP2B6 (*6 allele) demonstrate a signifi-
cant gene-dose trend for decreased formation of 4OHCP.
A number of previous studies have demonstrated associa-
tions with these individual SNP (or the *6 allele) for bioac-
tivation and clinical outcomes in cancer patients [13-20].
Whilst, CYP2C19 homozygous null function also appears
to influence 4OHCP formation, this was weak compared
with CYP2B6. This confirms previous reports [14, 15, 21,
22] and re-iterates the importance of inclusion of CYP2CI9
null function genotype in CP pharmacokinetic bioactiva-
tion studies, since this pharmacogene is often overlooked.
Whilst recombinant CYP2B6 has higher intrinsic activity
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«Fig. 3 Relationship between CYP2CI19 null function genotype or
CYP2B6 SNP variant genotype and 4-hydroxycylophosphamide
(40HCP) formation. Data are shown as scatter plots with mean val-
ues for each genotype group. CYP2C19 null function subjects have
significantly lower 4OHCP formation 15 min after end of infu-
sion compared to wildtype (WT) individuals (»p=0.029) at cycle 1.
The *17 carriers are shown as grey symbols. ANOVA linear trend
test indicates no significant relationship for CYP2CI9 genotype and
40HCP at cycle 1 (p=0.238) and cycle 3 (p=0.929). There was a
significant gene-dose trend for A785G and G516T at cycle 1 and for
A785G at cycle 3 (p values shown on graphs)

than CYP2C19 for CP hydroxylation [2], SNP coding region
variants of CYP2B6 lead to only partially altered activity
(due to lower protein expression and/or changes in catalytic
function), rather than the total loss of functional protein
caused by the CYP2C19*2 and *3 variants. Hence these
CYP2C19 null function variants may have more clinical
impact on the hydroxylation of CP than would be expected
based solely on intrinsic activity. Assessment of CYP2J2*7
(rs890293) should be considered in future studies since
this SNP increases the activity of this extrahepatic enzyme,
which can catalyse formation of 4OHCP albeit with rela-
tively low intrinsic activity [23].

Importantly, the possible association between decreased
40OHCP formation and CYP2C19 null function, as well as
the gene-dose trend for CYP2B6 G516T, was only observed
at the first cycle of treatment. This may have been driven by
the substantial change in apparent CP bioactivation of each
individual between cycle 1 and cycle 3. Notably, many of
the previous studies which have shown associations between
either of these pharmacogenes and plasma pharmacokinetics
of 40HCP formation relative to CP have assessed patients
at the first dose or first treatment cycle.

Inter-occasion variability in CP pharmacokinetics was
initially reported in 1980 [24]. In the present study, we noted
that whilst almost half (47%) of the patients had no substan-
tive change between cycles, in approximately one-third of
patients bioactivation ratio increased, whereas in about 15%
of the patients bioactivation ratio declined between cycles.
These proportions and extent of inter-occasion variability
are almost identical to that previously reported for CP clear-
ance in breast cancer patients over two or three cycles of
treatment [25, 26].

The factors influencing this intra-occasion variability
likely include gene expression changes (induction or down-
regulation) and drug—drug inhibition due to comedications.
Using a probe drug, we demonstrated that there was a sig-
nificant decline in CYP2C19 activity across the cohort of
patients prior to cycle 3 compared with the initial test val-
ues. Numerous studies have suggested that enzymes such
as CYP2C19 and CYP3A4 may be particularly sensitive to
down-regulation during periods of inflammation [27, 28].
Down-regulation of CYP2CI9 can lead to a phenomenon

known as phenotype-genotype discordance [7—10]. Whilst
discordance was only observed in one patient at test 1
(naive patients), discordance was observed in five patients
at test 2 (after two cycles of chemotherapy). There was no
obvious relationship between these additional phenotypic
poor metaboliser individuals and CP bioactivation at cycle
3. Indeed, the impact of decreased CYP2C19 activity in
these patients is likely to be minor compared with changes
in CYP2B6 expression, particularly since in contrast to
CYP2C19, CYP2B6 has been shown to be up-regulated by
inflammation [29].

There was no association with decreased CYP2C19 func-
tion and tumour burden (metastatic vs adjuvant), however, a
possible association with the circulating biomarker C-reac-
tive protein was observed. This general decline in CYP2C19
function could be due to localised hepatic rather than sys-
temic inflammation, since hepatoxicity can be observed fol-
lowing CP treatment in breast cancer patients [30]. Doxo-
rubicin, which is often given in combination with CP, can
also cause hepatic damage and decreased Cyp2c mRNA
expression [31].

An additional cause of decreased CP bioactivation in
some patients could be direct inhibition of CYP2C19 or
CYP2B6 catalysed 4-hydroxylation of CP by a comedica-
tion. A number of anti-infective medications are known to
inhibit CP metabolism, including fluconazole, chloram-
phenicol and sulphaphenazole [32]. Moreover, ciprofloxacin
has been shown in rats to not only inhibit the formation of
40OHCP but to down-regulate the expression of cyp2b, cyp2c
and cyp3a genes [33]. At least one patient was prescribed
ciprofloxacin immediately prior to cycle 3 of treatment, and
this could have influenced CP bioactivation.

Whilst the general decline in CYP2C19 activity, and or
the use of comedications, may explain the decreased bio-
activation ratio at cycle 3 (observed in~ 15% of patients),
bioactivation ratio increased at cycle 3 in a substantial num-
ber of individuals (~30%). Cyclophosphamide is known to
induce (up-regulate) CYP2B6 and CYP3A4 protein expres-
sion in human liver [34]. When administered continuously
over multiple consecutive days CP is a known autoinducer
(up-regulation) of its own metabolism in humans [32, 35].
However, the ability of CP to autoinduce its own clearance
when given as a single dose in monthly treatment cycles
(21 days between doses) is less clear. However, a number of
comedications, particularly anti-emetics, could also induce
CP metabolism.

It has been suggested that concomitant aprepitant may
alter the bioactivation of cyclophosphamide by supressing
autoinduction of cyclophosphamide clearance, although this
is controversial [36]. Ondansetron also alters cyclophospha-
mide pharmacokinetics [37], but the effect on bioactivation
in patients is not known. The steroid dexamethasone is a well
characterised inducer of cyclophosphamide metabolism,
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Fig.4 CYP2CI19 activity in patients at two test occasions, prior
to cycle 1 and cycle 3 of chemotherapy. Proguanil (PG) concentra-
tions relative to cycloguanil (CG) are shown as scatter plots for each
CYP2C19 genotype category. CG was not detectable in some sam-
ples and to calculate the PG/CG ratio a nominal value (lower limit of

by increasing expression of both CYP2B6 and CYP3A4/5
[38, 39], probably due to its ability to interact with the glu-
cocorticoid receptor. This could increase both formation
of 4OHCP as well as increasing clearance of CP via the
alternative pathway into the inactive dechloroethyl metabo-
lite, thereby altering the apparent bioactivation ratio. The
effect of dexamethasone (or CP) on CYP2C19 expression in
hepatocytes is not known. However, there is clear evidence
of selective up-regulation of CYP2B6 without induction of
CYP2C19 [40].

In this current study, patients received 5 days of anti-
emetic treatment (dexamethasone, domperidone) start-
ing at day 1 of each CP treatment cycle. Hence at cycle 3,
some patients may have been more likely to have increased
CYP2B6 and CYP3A4 activity. Notably increased CYP3A4
activity due to dexamethasone treatment may adversely
affect the bioactivation ratio [41] since CYP3A4 is the sole
enzyme involved in the formation of dechloroethylcyclo-
phosphamide (Supplementary Fig. 1). Indeed, significantly
increased formation of this inactive metabolite of CP at
dose 5 versus dose 1 (continuous dosing) has been previ-
ously reported in children with B cell lymphoma [13] and
the levels of this inactive metabolite were higher in those
who relapsed (although not statistically significant). Future
studies should assess the plasma pharmacokinetics of both
40HCP and the deschloroethyl metabolite.

Indeed, assessment of formation of 4OHCP (rather than
bioactivation ratio) clarified the clear influence of CYP2B6
A785G and G516T on this pathway.

Of note the steroid prednisone, which like dexamethasone
acts via the glucocorticoid receptor, is often prescribed to
patients receiving CP for treatment of haematological can-
cers (i.e. CHOP regimen: cyclophosphamide, doxorubicin,
vincristine and prednisone), as well as in the autoimmune

@ Springer
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detection, 1 ng/ml was used). Squares are patients with metastatic dis-
ease. The cut-point previously used to identify null CYP2C19 activ-
ity (PG/CG>10) is shown as a dotted line. The one individual with
*17/*2 genotype is shown as a filled circle. A high PG/CG ratio indi-
cates low CYP2C19 activity

disease lupus nephritis. Whilst little is known about the abil-
ity of prednisone to regulate CYP2B6 or CYP2C19 expres-
sion, it is an inhibitor of CYP2C19 in vitro [42].

There is substantial inter-individual variability in the
ability of dexamethasone (and CP) to induce CYP2B6 in
human hepatocytes [39]. However, the effect of comedica-
tion with dexamethasone on changes in 4OHCP formation
has not been directly assessed in patients. Up-regulation of
CYP2B6 expression by drugs such as CP is mediated by
the ligand activated transcription factors CAR, PXR, GR,
HNF4a, C/EBPa and HNF3p [43]. There is substantial
inter-individual variability in CYP2B6 induction, and this
may be due to SNP in the 5’-promoter region of the gene
where these transcription factors bind. The — 750 T> C SNP
(rs4802101) alters a HNF1 binding site and — 2320 T>C
SNP (rs7254579) alters a HNF4 binding site. In female liver
tissues the — 2320 T > C SNP associates with decreased
enzyme activity. The combination of the — 750C variant of
CYP2B6 and CYP2C19 null function variants has previously
been shown to significantly associate with 4OHCP plasma
concentrations after four daily doses of CP [44]. Future stud-
ies should investigate associations between regulatory SNP
and CP bioactivation in patients taking comedications likely
to induce CYP2B6, as well as undertaking CYP2B6 pheno-
typing with the probe drug bupropion.

In summary, in this small cohort of patients there is evi-
dence that there is a role for pharmacogenetic variation in
CYP2B6 and the bioactivation of CP. However, in some (but
not all) patients substantial changes in bioactivation occur
by cycle 3 of treatment. It is not known whether comedica-
tions are the causal factors for this inter-occasion variation
in bioactivation of CP. Whilst CYP2C19 function appears
to decline over time across the cohort of patients, possibly
due to inflammation, in contrast inflammation is reported to
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increase CYP2B6 activity [29]. SNP in the regulatory region
of CYP2B6, or in the co-enzyme P450 oxidoreductase which
appear to influence the overall activity of CYP2B6 [45], may
play a role in those patients whose bioactivation increased
over time. Future studies assessing CP bioactivation phar-
macokinetics should investigate factors which influence
changes in 4OHCP formation in larger study cohorts since
the CYP2B6 and CYP2C19 genotypes have previously been
reported to have substantial effects on treatment outcomes
in many indications [reviewed in 1], including breast cancer
[19, 20, 46, 47].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00280-021-04307-0.
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