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Abstract

Background/Objectives: Patients receiving allogeneic hematopoietic stem cell transplanta-
tion (alloHCT) for acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL)
are at high risk for severe disease and treatment-related complications and toxicities. Phar-
macogenetic studies suggest that genetic variants can alter the response to several drugs
critical to alloHCT outcomes, including tacrolimus and cyclophosphamide, potentially
impacting toxicity and treatment outcomes. Methods: To assess the frequency of pharmaco-
genetic variants in AML/ALL patients undergoing alloHCT, we used a validated 11-gene
pharmacogenetic panel in an exploratory descriptive study. We retrospectively genotyped
142 AML/ALL patients including two atypical chronic myeloid leukemia (aCML) patients,
≥18 years, who underwent alloHCT at our center between January 2020 and June 2024.
Results obtained from 470 individuals in the Lifelines NEXT population cohort were used
as controls. Results: Almost all patients carried at least one pharmacogenetic variant
(97.2%), with a mean of 3.2 (standard deviation = 1.5) variants per patient. Variants known
to influence tacrolimus metabolism (CYP3A4 and CYP3A5) were present in 26.8% of pa-
tients. Variants known to influence cyclophosphamide metabolism (CYP2B6, CYP2C9,
CYP2C19) were present in 81.7% of patients. Variant frequencies did not significantly differ
from controls. Conclusions: Actionable pharmacogenetic variants are highly prevalent
in alloHCT-recipients. Future studies should investigate whether genotype-guided drug
selection and dosing could improve outcomes in alloHCT recipients.

Keywords: acute leukemia; allogeneic stem cell transplantation; cyclophosphamide;
pharmacogenetics; tacrolimus

1. Introduction
Patients with acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL)

face substantial morbidity and mortality associated with both their disease and the required
treatment [1,2]. Most adult patients have high-risk disease, for whom allogeneic hematopoi-
etic stem cell transplantation (alloHCT) is the only curative treatment option. AML/ALL
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patients receive intensive chemotherapy regimens that can be accompanied by severe
toxicity [1,2]. Additionally, the combination of post-transplantation cyclophosphamide
(PTCy) and tacrolimus is widely used to mitigate graft versus host disease (GVHD), graft
rejection and risk of relapse [1–7]. However, this immunosuppressive strategy is compli-
cated by the toxicity profile of cyclophosphamide (i.e., myelosuppression, hemorrhagic
cystitis and sinusoidal obstruction syndrome) [8], and the narrow therapeutic range of
tacrolimus [4]. Tacrolimus concentrations below and above target range are associated with
a higher incidence of GVHD [9–13] and tacrolimus-related toxicities, respectively [4,9,14].
It therefore remains challenging to balance immunosuppression to prevent graft rejection
and GVHD while maintaining graft-versus-leukemia effect [1,3,9,14], with patients being
at high risk for drug-related complications and toxicities [1,2].

Findings from pharmacogenetic studies suggest that drug-response and toxicities
can be influenced by a patient’s genotype [15]. Genetic variants (genotype) can influ-
ence drug metabolism and typically result in one of five predicted phenotypes: poor,
intermediate, normal (extensive), rapid, or ultrarapid metabolism [16]. Some variants
can result in subtherapeutic or toxic drug levels at regular doses, also known as drug–
gene interactions [15,17]. These variants/genotypes are referred to as actionable if clinical
guidelines recommend adjusting the standard dose of medications influenced by these
genes [17,18]. A recent randomized clinical trial investigated screening for actionable
variants in 6944 patients receiving a drug with pharmacogenetic guided dosing recommen-
dations, and this study demonstrated that genotype-guided dose adjustments can reduce
adverse drug reactions by 30% [17].

In the context of alloHCT, several actionable variants have been described. Clinical
guidelines exist for drug–gene interactions between tacrolimus and CYP3A5, voriconazole
and CYP2C19, as well as other CYP-enzymes and analgesics, antidepressants, antiemetics,
and proton-pump inhibitors [19]. Moreover, evidence is emerging for more drug–gene
interactions involving busulfan, tacrolimus, and cyclophosphamide [19]. For instance,
variants in CYP3A4 can lead to toxic tacrolimus levels [4,9,10,19]. Variants in CYP2B6,
CYP2C9, CYP2C19, and CYP3A4 can cause reduced activity of enzymes involved in the
activation of cyclophosphamide [19–21]. Carriers of certain CYP2B6, CYP2C9, and CYP2C19
variants that received PTCy have been shown to have a higher risk of GVHD [8]. Thus,
drug–gene interactions are particularly relevant to alloHCT recipients who are already at a
high risk for drug-related complications and toxicities.

Genotype-guided dose adjustments have the potential to improve clinical outcomes
in alloHCT recipients. However, to estimate clinical relevance, data on the prevalence of
actionable variants are needed [22]. Studies investigating pharmacogenetic variant frequen-
cies in alloHCT recipients are limited [19,23] and largely based on small cohorts [9,24,25].
While variant frequencies are available for the general population [22,26,27], frequencies
can differ across populations [22] and genotyping method [28], potentially limiting appli-
cability to AML/ALL patients. In the context of acute leukemia, pre-transplant samples
should be used for genotyping to avoid contamination with donor DNA [19] but may
contain leukemic blasts, potentially affecting genotyping results [29]. To date, no study
has verified that variant frequencies of alloHCT recipients are comparable to the general
population. To address these gaps, we analyzed the frequency of pharmacogenetic variants
in AML/ALL patients undergoing alloHCT using a validated 11-gene pharmacogenetic
panel and compared these frequencies to a demographically matched control cohort.
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2. Materials and Methods
2.1. Study Design, Setting, and Patients

We performed a retrospective exploratory descriptive cohort study of patients under-
going alloHCT between 1 January 2020 and 13 June 2024 at the University Medical Center
Groningen, Groningen, The Netherlands. Patients inclusion criteria were: age ≥ 18 years,
received an alloHCT with PTCy and tacrolimus, diagnosed with AML, ALL or atypical
chronic myeloid leukemia, and enrolled in OncoLifeS, a local data-biobank. Patients were
identified in the electronic healthcare record (EHR) using the inclusion criteria as selection
criteria. Samples and data from the OncoLifeS data-biobank for Oncology were retrieved
(Dutch Trial Register: NL7839) [30]. In the OncoLifeS data-biobank, all patients are included
after written informed consent, and the study protocol has been approved by the local
Institutional Review Board (UMCG METc2010/109).

2.2. Data Acquisition and Pharmacogenetic Profiling

Patient data (demographics, disease and transplant characteristics) were manually
collected from the EHR. Pharmacogenetic profiles were retrospectively produced with an
automated pharmacogenetic passport pipeline using pre-transplant DNA-samples and the
Infinium Global Screening Array multiethnic disease (GSA-MD) v.1.0 array (Illumina, Inc.,
San Diego, CA, USA). The panel includes 11 genes: ABCG2, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, CYP3A5, MTHFR, NUDT15, SLCO1B1, VKORC1 [26]. The presence of
pharmacogenetic variants was assessed by analyzing the diplotypes for each gene. The
number of pharmacogenetic variants per patient was calculated for all genes combined and
for genes relevant to tacrolimus and cyclophosphamide metabolism separate and combined
(CYP2B6, CYP2C9, CYP2C19, CYP3A4, CYP3A5).

For technical validation, including a potential effect of leukemic blast cells in the
DNA samples [29], variant frequencies were compared to a demographically matched
control cohort. For this purpose, diplotypes of the same 11-gene panel obtained from
470 individuals in the Lifelines NEXT population cohort were used [26].

2.3. Sample Size and Statistical Analysis

CYP3A5 and tacrolimus was used as model gene–drug interaction for the sample
size calculation. In our previous study, 15% of patients carried a CYP3A5 variant [26].
At least 20 patients with CYP3A5 variants were aimed for, requiring a sample size of
134. Achieving a 95% confidence level and 0.06 absolute precision at least 136 patients
were needed. Continuous variables were assessed for normality using histograms, Q-
Q plots, and the Shapiro–Wilk test. Normality violation was defined as a significant
Shapiro–Wilk test. Based on distribution, continuous variables were described as mean with
standard deviation (SD) or median with interquartile range (IQR). Categorical variables
were described as frequencies (%). Missing data was reported as not available. Chi-square
test of independence was used to compare the diplotypes/predicted phenotype frequencies
of the two cohorts. When more than 20% of expected cell counts were <5, Fisher’s exact
test was applied for 2 × 2 tables, and Monte Carlo simulation was used for ≥2 × 3 tables.
Study data was stored in REDCap electronic data capture tool [31,32]. Data analysis
was performed in IBM SPSS Statistics Version 28. A p < 0.05 was considered statistically
significant. Given the retrospective and exploratory nature of this study, no correction for
multiple testing was applied [33,34].
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3. Results
3.1. Patients

Based on the study selection criteria, 144 patients were initially identified and geno-
typed. Two patients were excluded: one who received an autologous stem cell transplant
and another who was diagnosed with lymphoma and underwent alloHCT for secondary
leukemia outside the selection timeframe. This resulted in a sample of 142 patients entering
the analysis. Patient characteristics can be found in Table 1.

Table 1. Patient characteristics.

Patients, n = 142

Patient characteristics

Age at transplant (years), median (IQR) 62 (52–68)

Female sex, n (%) 47 (33.1%)

Height (cm), mean (SD) 178.4 (9.9)

Weight (kg), mean (SD) 82.2 (14.6)

BMI (kg/m2), mean (SD) 25.9 (4.0)

Diagnosis, n (%)

AML 118 (83.1%)

ALL 22 (15.5%)

aCML 2 (1.4%)

AML ELN risk score (n = 118), n (%)

Favorable 15 (12.7%)

Intermediate 17 (14.4%)

Adverse 43 (36.4%)

NA 43 (36.4%)

Disease status at alloHCT, n (%)

Complete remission 109 (76.8%)

Active disease 33 (23.2%)

MRD detectable at transplant (n = 110), n (%)

Yes 41 (37.3%)

No 59 (53.6%)

NA 10 (9.1%)

HLA match score, n (%)

5/10 20 (14.2%)

8/10 1 (0.7%)

9/10 10 (7.1%)

10/10 110 (78.0%)

NA 1 (0.7%)

Female donor, n (%) 41 (28.9%)
IQR = interquartile range; AML = acute myeloid leukemia; ALL = acute lymphoblastic leukemia; aCML = atypical
chronic myeloid leukemia; ELN = european leukemia network; NA = not available; alloHCT = allogeneic
hematopoietic stem cell transplantation; MRD = minimal residual disease; HLA = human leukocyte antigen.
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3.2. Pharmacogenetic Profiles

The number of pharmacogenetic variants per patient is displayed in Figure 1. There
were a mean of 3.2 (SD = 1.5) variants per patient. Overall, 97.2% of patients had ≥1,
89.4% ≥ 2, 64.8% ≥ 3, 39.4% ≥ 4, and 21.1% had ≥5 pharmacogenetic variants. Genes most
affected by variants resulting in predicted phenotypes other than normal metabolism were
VKORC1 (84.5%), MTHFR (85.9%), and CYP2C9 (42.3%).

 

Figure 1. Number of pharmacogenetic variants per patient.

Analysis of genes relevant for tacrolimus metabolism showed that 21 (14.8%) were
CYP3A5 expressers (an actionable genotype), and 38 (26.8%) patients had a pharmacoge-
netic variant in either CYP3A4 or CYP3A5, or both (Figure 2). For genes encoding CYP
enzymes necessary for the activation of cyclophosphamide (CYP2B6, CYP2C9, CYP2C19
and CYP3A4), 116 (81.7%) patients had at least one pharmacogenetic variant resulting in a
predicted phenotype other than normal (e.g., poor, intermediate, or ultrarapid metabolizers)
(Table 2). Among these, the poor metabolizer phenotype, which is suggested to be the most
clinically relevant, was present in 20 (14.1%) of patients. In total, 120 (84.5%) patients had
an pharmacogenetic variant in genes relevant to either tacrolimus or cyclophosphamide
metabolism (CYP2B6, CYP2C9, CYP2C19, CYP3A4, and CYP3A5).

Table 2. Variant frequencies in cyclophosphamide and tacrolimus-related genes.

Gene
Patients with ≥1 Pharmacogenetic Variant, N (%)

CP TAC N (%) per Single Variant
CYP2B6 56 (39.4%)
CYP2C9 60 (42.3%)
CYP2C19 51 (35.9%)
CYP3A4

116 (81.7%) *

20 (14.1%)
CYP3A5 38 (26.8%) * 21 (14.8%)

CP: cyclophosphamide; TAC: tacrolimus; * Genes relevant to CP and TAC metabolism are marked in gray.
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Figure 2. Frequency of pharmacogenetic (PGx) variants in alloHCT recipients: (A) shows the propor-
tion of patients with at least one pharmacogenetic variant in CYP3A4 or CYP3A5, which are relevant
to tacrolimus metabolism; (B) shows the proportion of patients with at least one pharmacogenetic
variant relevant to tacrolimus and cyclophosphamide metabolism combined (CYP2B6, CYP2C9,
CYP2C19, CYP3A4, and CYP3A5); PGx: pharmacogenetics.

Table 3 shows the variant frequencies of the study and control cohort. There were no
statistically significant differences in the frequencies between the two groups (p > 0.05).
Although not statistically significant, notable numerical differences in genotype/predicted
phenotype frequencies were observed for ABCG2 KK (strongly reduced activity), CYP2B6
(poor metabolizers), CYP2C9 (poor metabolizers), CYP2C19 (poor and ultrarapid metabo-
lizers), CYP3A4 (poor metabolizers), and CYP3A5 (homozygous expressers) (Table 3).

Table 3. Pharmacogenetic profiles of patients and control group.

Gene Genotype/
Predicted Phenotype

Frequency (%)
Patients
(n = 142)

Frequency (%)
Controls
(n = 470)

p-Value

ABCG2

QQ/Wildtype 78.9% 78.1%

0.770 aQK/Reduced 20.4% 20.4%

KK/Strongly reduced 0.7% 1.5%

CYP2B6

NM 58.5% 60.7%

0.174 b
PM 6.3% 4.0%

IM 33.1% 35.1%

NA 2.1% 0.1%

CYP2C9

NM 57.0% 60.6%

0.576 b
IM 38.8% 35.1%

PM 3.5% 1.7%

NA 0.7% 0.4%
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Table 3. Cont.

Gene Genotype/
Predicted Phenotype

Frequency (%)
Patients
(n = 142)

Frequency (%)
Controls
(n = 470)

p-Value

CYP2C19

PM 3.5% 2.1%

0.479 a
IM 25.4% 26.8%

NM * 64.1% 66.6%

UM 7% 4.5%

CYP2D6

NM * 42.3% 44.7%

0.402 aIM 12% 15.0%

NA 45.8% 39.2%

CYP3A4

NM 85.9% 88.1%

0.581 bIM 13.4% 11.5%

PM 0.7% 0.4%

CYP3A5

Non-expresser 85.2% 86.0%

0.327 bHeterozygous expresser 14.1% 14.0%

Homozygous expresser 0.7% 0.0%

MTHFR

CC/Wildtype 14.1% 9.1%

0.216 aCT/Reduced 39.4% 43.8%

TT/Strongly reduced 46.5% 46.6%

NUDT15
NM 100% 99.2%

0.578 c
IM 0% 0.8%

SLCO1B1

TT/Wildtype 71.8% 75.7%

0.621 aTC/Reduced 26.1% 22.1%

CC/Strongly reduced 2.1% 2.1%

VKORC1

CC/Wildtype 15.5% 16.0%

0.844 aCT/Reduced 44.4% 46.6%

TT/Strongly reduced 40.1% 37.4%
NA: not available; NM: normal metabolizer; IM: intermediate metabolizer; PM: poor metabolizer; UM: ultrarapid
metabolizer; for controls only frequencies are reported for variants that were detected in the AML/ALL cohort.
* In Dutch nomenclature, rapid metabolizers are considered normal metabolizers for CYP2C19 and CYP2D6.
a Chi-square test of independence; b Monte Carlo simulation; c Fischer’s exact test.

4. Discussion
In this retrospective descriptive cohort study, we analyzed pharmacogenetic variant

frequencies for 11 genes in 142 alloHCT recipients and compared the variant frequencies
to a demographically matched control cohort. We found that almost every patient had at
least one pharmacogenetic variant. Our results indicate that actionable variants are highly
prevalent among patients with AML/ALL receiving alloHCT. This includes variants with
drug–gene interactions involving tacrolimus and cyclophosphamide, both drugs which
were administered to all patients in this cohort. Although some numeric differences were
observed, the frequencies did not statistically differ between the patient and control cohorts.

Our findings correspond to previous studies reporting that up to 90–95% of individuals
in the general population carry at least one actionable variant relevant to commonly used
medications [18,26,35]. This means that many individuals, including alloHCT recipients,
exhibit either slower or faster drug metabolism compared to what would be considered
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“normal”. For instance, only 1 out of 5 patients in this study was predicted to have nor-
mal cyclophosphamide metabolism, meaning that the other four patients were predicted
to have poor, intermediate, or ultrarapid cyclophosphamide metabolism. Among these,
poor metabolism is suggested to be most clinically relevant since it drastically reduces
the formation of the active metabolite, leading to lower effective cyclophosphamide ex-
posure [21]. This is relevant because adequate exposure to PTCy is a key determinant
for alloHCT outcomes [7]. In fact, a higher risk of GVHD has been reported in patients
receiving PTCy that carried certain CYP2B6, CYP2C9, and CYP2C19 variants [8]. It is
currently unknown if, and how, cyclophosphamide dosing should be adjusted in patients
with CYP2B6, CYP2C9, and CYP2C19 variants. Moreover, we found that 1 in 4 patients
carried a variant in CYP3A4 or CYP3A5 known to cause altered tacrolimus metabolism [36].
A study in alloHCT recipients reported that CYP3A5 expressers required 11.8 days to reach
therapeutic tacrolimus concentrations [9]. Tacrolimus dosing is guided by therapeutic
drug monitoring [4] and is frequently administered as short as 28 days post-alloHCT [7,37].
Achieving adequate concentrations early during this short treatment course is considered to
be important and genotype-guided dosing could help shorten the time to reach therapeutic
blood levels. Accordingly, both international and Dutch guidelines recommend a 1.5–2.5×
higher starting dose for CYP3A5 expressers compared to CYP3A5 non-expressers (most
individuals) [36,38]. For the alloHCT population from this study, pre-emptive pharmaco-
genetic screening would have resulted in different tacrolimus starting dose in 14,8% of
patients. When guideline recommendations for CYP3A4 variants and tacrolimus become
available, it is expected that tacrolimus starting dose can be individually adjusted in about
27% of patients. Besides these tacrolimus drug–gene interactions, also the many drug–drug
interactions of tacrolimus can highly influence tacrolimus exposure and should be taken
into consideration at dose selection. There are currently no guidelines on how to combine
drug–gene interactions and drug–drug interactions in clinical practice.

Even though our study indicates that pharmacogenetic variants are highly prevalent
in the alloHCT setting, it remains controversial if and at what timepoint pharmacogenetic
testing should be implemented [35]. Also, it is not clear if pharmacogenetic testing would
be beneficial for all types of alloHCT, or that certain types of transplantation, donor, or dis-
ease would be of higher potential benefit. Pre-emptive panel-based screening is generally
favored over a reactive single-gene approach, because it is more cost-effective, efficient,
accounts for the combined effect of multiple pharmacogenetic variants, and avoids delays
that are more likely with reactive and single-gene testing [26,35]. It currently remains
unclear whether pharmacogenetic testing improves clinical outcomes in alloHCT recipients.
Studies investigating whether pharmacogenetic testing reduces drug-related complications
and toxicities are rare [19], often retrospective [8,23] and focused on specific drug–gene
pairs [8,9,24,25,39]. Therefore, the results of a recently completed clinical trial investi-
gating whether pharmacogenetic screening improves quality of life of patients receiving
a hematopoietic cell transplantation (NCT04727827) are eagerly awaited. Nevertheless,
clinically relevant and feasible pharmacogenetic screening programs have been described
in various other health care settings [17,35], but evidence in the setting of alloHCT is
still limited.

Future studies should investigate how known as well as novel drug–gene inter-
actions influence clinical outcomes in alloHCT recipients, including those affecting
tacrolimus [9–14,19], cyclophosphamide [8,19], antifungals and busulfan [19,25]. Since
many patients carry multiple pharmacogenetic variants, future studies should consider the
potential interplay between different drug–gene interactions. For example, combinations
of CYP3A4 variants associated with poor tacrolimus metabolism and CYP3A5 variants that
increase tacrolimus metabolism will result in distinct metabolic phenotypes compared to
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either variant alone [9,39]. Similarly, reduced activity of CYP2B6 but normal activity of
the escape route enzymes (e.g., CYP2C9, CYP2C19 and CYP3A4) may only slightly reduce
cyclophosphamide activation; whereas, reduced activity in both CYP2B6 and one of the es-
cape route enzymes will result in much more pronounced reduction in cyclophosphamide
activation [21]. This stresses the need to screen these genes combined, supporting the
superiority of panel-based over single-gene testing. Future studies with panel-based testing
in larger cohorts will create large datasets that allow for incorporation of pharmacogenetic
variables in advanced predictive models for alloHCT outcomes [40]. Another relevant field
for future pharmacogenetic studies in alloHCT patients, is to explore the genotyping of
donors. In this setting, donor genetic profiling of metabolic liver enzyme is of less relevant;
but, donor variation in, for example, aldehyde dehydrogenase is of interest since increased
aldehyde dehydrogenase activity in donor T-cells is related to PTCy resistance [41] and
reduced aldehyde dehydrogenase activity in donor stem cells can result in increased stem
cell sensitivity to the cytotoxic effects of PTCy.

This study has several limitations, including its retrospective design and modest sam-
ple size. We did not investigate how many patients in our sample received drugs with
other actionable drug–gene interactions such as voriconazole, analgesics, antidepressants,
antiemetics, and proton-pump inhibitors [19]. Additionally, the genetic panel was not
tailored to alloHCT recipients and therefore did not include all relevant genes, such as
those encoding glutathione-S-transferase enzymes, involved in the hepatic inactivation of
busulfan [19]. This potentially leads to underestimating the prevalence of pharmacogenetic
variants in this population. Our findings may not generalize to individuals of other ances-
try, because the genetic panel was designed for individuals of North-Western European
ancestry [26] and variant frequencies can vary between populations [22]. Since race was
not available in the dataset used for this retrospective analysis, this variable could not be
included. Furthermore, the genotyping technique has some technical constraints: CYP2D6
often involves structural variation [35], some of which cannot be detected or distinguished
by standard methods and instead rely on software predictions (computational phasing) to
infer which variants occur together [26]. These limitations resulted in incomplete pharma-
cogenetic results for some individuals, indicated as not available [26]. Another limitation
is that implementation of pharmacogenetic screening as a standard approach in alloHCT
currently is not widely possible due to technical and financial limitations. However, the
implementation of pharmacogenetic screening in the routine clinical workup of alloHCT
patients in our center has demonstrated its feasibility. Unfortunately, detailed data on the
intensity of the transplantation conditioning regimens were not available for the current
study. Also, no clinical outcomes have been assessed yet, resulting in a descriptive analysis
of variant frequencies. Correlative analyses with clinical data, including GVHD incidence
and survival data, will be part of our future studies. In conclusion, retrospective pharma-
cogenetic testing revealed that almost all patients with AML/ALL undergoing alloHCT
carry pharmacogenetic variants. We found no differences in variant frequencies between
alloHCT recipients and the general population. Pharmacogenetic testing has the potential
to improve individual drug selection and dosing, and future studies should investigate
whether it improves clinical outcomes in alloHCT recipients.
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EHR Electronic health record
GSA-MD Global Screening Array multiethnic disease
UMCG METc University Medical Center Groningen Medisch Ethische Toetsingscommissie
SD Standard deviation
IQR Interquartile range
aCML Atypical chronic myeloid leukemia
ELN European leukemia network
NA Not available
MRD Minimal residual disease
HLA Human leukocyte antigen
PGx Pharmacogenetics
TAC Tacrolimus
CP cyclophosphamide
NM Normal metabolizer
IM Intermediate metabolizer
PM Poor metabolizer
UM Ultrarapid metabolizer
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