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CYP3A genetic variation and
taxane-induced peripheral
neuropathy: a systematic review,
meta-analysis, and candidate
gene study

Laurence McEvoy'*, Joanne Cliff?, Daniel F Carr?,
Andrea Jorgensen?®, Rosemary Lord? and Munir Pirmohamed*

Department of Pharmacology and Therapeutics, University of Liverpool, Liverpool, United Kingdom,
2Clatterbridge Cancer Centre, Liverpool, United Kingdom , *Health Data Science, University of Liverpool,
Liverpool, United Kingdom

Background: Taxane-induced peripheral neuropathy (TIPN) is an important cause
of premature treatment cessation and dose-limitation in cancer therapy. It also
reduces quality of life and survivorship in affected patients. Genetic
polymorphisms in the CYP3A family have been investigated but the findings
have been inconsistent and contradictory.

Methods: A systematic review identified 12 pharmacogenetic studies investigating
genetic variation in CYP3A4*22 and CYP3A5*3 and TIPN. In our candidate gene
study, 288 eligible participants (211 taxane participants receiving docetaxel or
paclitaxel, and 77 control participants receiving oxaliplatin) were successfully
genotyped for CYP3A4*22 and CYP3A5*3. Genotyping data was transformed
into a combined CYP3A metaboliser phenotype: Poor metabolisers,
intermediate metabolisers and extensive metabolisers. Individual genotypes
and combined CYP3A metaboliser phenotypes were assessed in relation to
neurotoxicity, including by meta-analysis where possible.

Results: In the systematic review, no significant association was found between
CYP3A5*3 and TIPN in seven studies, with one study reporting a protective
association. For CYP3A4*22, one study has reported an association with TIPN,
while four other studies failed to show an association. Evaluation of our patient
cohort showed that paclitaxel was found to be more neurotoxic than docetaxel
(p < 0.001). Diabetes was also significantly associated with the development of
TIPN. The candidate gene analysis showed no significant association between
either SNP (CYP3A5*3 and CYP3A4*22) and the development of TIPN overall, or
severe TIPN. Meta-analysis showed no association between these two variants
and TIPN. Transformed into combined CYP3A metaboliser phenotypes, 30 taxane

Abbreviations: ADR, Adverse drug reaction; BMI, Body mass index; CIPN, Chemotherapy-induced
peripheral neuropathy; CRF, Case report from; CYP, Cytochrome P450; DNA, Deoxyribonucleic acid;
EM, Extensive metaboliser; Gl, Gastrointestinal; GWAS, Genome wide association study; IM, Intermediate
metaboliser; NCI-CTC AE, National Cancer Institute Common Terminology Criteria for Adverse Events;
NHIR, National Institute for Health Research; PCR, Polymerase chain reaction; PGx, Pharmacogenomics;
PIL, Patient information leaflet; PK, Pharmacokinetics; PM, Poor metaboliser; PN, Peripheral neuropathy;
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PRS, Polygenic risk score;
SNP, Single nucleotide polymorphism; TIPN, Taxane-induced peripheral neuropathy; WES, Whole-
exome sequencing; WHO, World Health Organization.
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recipients were poor metabolisers, 159 were intermediate metabolisers, and
22 were extensive metabolisers. No significant association was observed
between metaboliser status and case-control status.

Summary: We have shown that the risk of peripheral neuropathy during taxane
chemotherapy is greater in patients who have diabetes. CYP3A genotype or
phenotype was not identified as a risk factor in either the candidate gene
analysis or the systematic review/meta-analysis, although we cannot exclude
the possibility of a minor contribution, which would require a larger sample size.

KEYWORDS

chemotherapy, cytochrome P450, peripheral neuropathy, personalised medicine,

pharmacogenetics

1 Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a
common yet complex adverse effect of some anticancer drugs, and
a leading cause of dose reduction and/or premature treatment
cessation. Approximately 30%-40% of patients treated with
neurotoxic chemotherapeutics will develop CIPN (Staff et al., 2017),
although the prevalence ranges from 12%-96% dependent on factors
such as regimen and concomitant use of other neurotoxic agents
(Pachman et al,, 2011; Osmani et al., 2012; Seretny et al., 2014; Eckhoff
et al., 2015b; Molassiotis et al., 2019). In cancer survivors, CIPN may
persist long-term following treatment, significantly affecting quality of
life (Argyriou et al,, 2014; Miltenburg and Boogerd, 2014; Cliff et al.,
2017). Agents associated with CIPN include taxanes (e.g., docetaxel
and paclitaxel) (Velasco and Bruna, 2015), platinum derivative drugs
(e.g., carboplatin, cisplatin and oxaliplatin) (Staff et al., 2019), and vinca
alkaloids (Grisold et al., 2012).

Taxanes, such as docetaxel and paclitaxel, are commonly used as
first-line treatment (monotherapy or in combination) for various
solid tumour types including breast, gynaecological, lung, prostate
and head-and-neck cancers (Misiukiewicz et al., 2014; Frederiks
et al., 2015; Cliff et al., 2017; Ibrahim and Ehrlich, 2020; Velasco-
Gonzalez and Coffeen, 2022). Dose-limiting taxane toxicities include
hypersensitivity reactions (Boulanger et al, 2014; Picard and
Castells, 2015), gastrointestinal (GI) (Daniels et al., 2008; Jimenez
et al,, 2011; Liu et al, 2021) and haematological adverse events
(Markman, 2003; Frederiks et al., 2015; Tamburin et al., 2019).
Around 60%-70% of patients experience taxane-induced peripheral
neuropathy (TIPN) (Seretny et al., 2014; Derman and Davis, 2021;
Mo et al,, 2022), with up to 33% of patients developing severe PN
(The National Cancer Institute ‘Common Terminology Criteria
Adverse Reactions’ (NCI-CTCAE) grade 3-4) (Lee and Swain,
2006). TIPN is complex and multifactorial, dependent on several
risk factors including co-morbidities, chemotherapy regimen, dose-
per-cycle, cumulative dose, duration of therapy and concurrent
administration of other neurotoxic agents (Lee and Swain, 2006;
Osmani et al., 2012; Miltenburg and Boogerd, 2014; Eckhoff et al.,
2015b; Tamburin et al.,, 2019).

TIPN symptoms generally manifest within several weeks of taxane
commencement, though both docetaxel and paclitaxel may incite acute
neuropathic pain in the first week following the initial dose (Loprinzi
etal,, 2007; Loprinzi et al., 2011; Reeves et al., 2012; Tanabe et al., 2013;
Fernandes et al., 2016; Starobova and Vetter, 2017). Classically, TIPN
manifests in a ‘glove-and-stocking’ distribution, starting in the fingers
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and toes and may progress to the hand/wrist and lower leg. Sensory
symptoms are most common and include numbness and tingling,
dysaesthesia and paraesthesia, and may progress to painful and
burning sensations. Motor symptoms are less common, manifesting
as muscle weakness, and impaired fine motor movement, and are
usually associated with higher doses (Chaudhry et al.,, 1994; Freilich
et al, 1996). Motor impairment can result in significant loss of
functional abilities including balance (Tofthagen et al, 2013;
Miltenburg and Boogerd, 2014; Ibrahim and Ehrlich, 2020), with
potential for mobility-related disability (Hile et al., 2010). Cranial
nerve involvement has been reported anecdotally (Velasco and
Bruna, 2015). Uncommon autonomic symptoms include digestive,
sexual, and urinary disruption (Mols et al., 2016; Zajaczkowska et al.,
2019). Development of TIPN is an indication for dose reduction or
discontinuation, both resulting in sub-optimal chemotherapy regimens
with potential to affect cancer treatment outcomes and overall survival.

Despite recent developments in identifying predictive and blood
biomarkers of PN using ultrasensitive protein assays (Rossor and
Reilly, 2022), there are currently no universally-accepted gold
standard diagnostic or assessment tools for CIPN (McCrary
et al.,, 2017; Ibrahim and Ehrlich, 2020). The NCI-CTCAE is the
most commonly used assessment tool in clinical practice (Tan et al.,
2019; Li et al., 20205 Selvy et al., 2021), yet a 2017 systematic review
identified 117 distinct CIPN assessment tools (McCrary et al., 2017).

Diagnosis, assessment, and management of CIPN is challenging.
Key patient characteristics increasing the risk of CIPN (including PN
severity and long-duration PN), have been identified (summarised in
Table 1), including obesity (Bao et al., 2016; Bandos et al., 2018)/high
body mass index (BMI) (Bao et al., 2016; Hiramoto et al., 2022), and
advanced age (Tanabe et al., 2013; Schneider et al., 2015; Bao et al.,
2016; Hershman et al., 2016; Tanabe et al., 2017; Bandos et al., 2018;
Miaskowski et al., 2018; Molassiotis et al., 2019; Sanchez-Barroso et al.,
2019; Hiramoto et al.,, 2022; Rattanakrong et al., 2022), although age
has been contested as an independent risk factor (Eckhoff et al., 2015b;
Johnson et al., 2015; Barginear et al., 2019; Sanchez-Barroso et al.,
2019; Valentine, 2020). Multimorbidity/co-morbidity (Loprinzi et al.,
2007; Lavoie Smith et al., 2011; Reeves et al., 2012; Tanabe et al., 2013;
de la Morena Barrio et al., 2015; Bao et al., 2016; Fernandes et al., 2016;
Hershman et al., 2016; Molassiotis et al., 2019) is a further risk factor.
A predisposition to CIPN has been reported in individuals suffering
from nerve damage due to alcohol, inherited neuropathy and most
notably, diabetes (Quasthoff and Hartung, 2002; de la Morena Barrio
et al., 2015; Hershman et al., 2016; Ottaiano et al., 2016; Molassiotis
et al,, 2019). Peripheral neuropathy is a common manifestation of
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TABLE 1 Reported risk factors for developing chemotherapy-induced peripheral neuropathy.

Patient characteristic =~ Description

Patient factors

References

Advanced Age >60 years; >65 years

Molassiotis et al. (2019), Miaskowski et al. (2018), Rattanakrong et al.
(2022), Schneider et al. (2015), Sanchez-Barroso et al. (2019),
Hershman et al. (2016), Bandos et al. (2018), Bao et al. (2016),
Hiramoto et al. (2022), Tanabe et al. (2013), Tanabe et al. (2017),
Rattanakrong et al. (2022), Bao et al. (2016)

Race African Americans

Simon et al. (2017), Schneider et al. (2012), Schneider et al. (2015),
Bhatnagar et al. (2014)

Co-morbidity/multimorbidity

insomnia

Clinical history
Obesity; Higher body mass index

Drug factors

Chemotherapy regimen

Polypharmacy

Diabetes mellitus; Taxane-induced pain syndrome (TAPS); Peripheral
nervous system disorders; Psychological: anxiety, depression,

Previous neuropathy; (Chronic) increased alcohol consumption;

Drug; Number of chemotherapy cycles; Cumulative dose

Molassiotis et al. (2019), Lavoie Smith et al. (2011), Molassiotis et al.
(2019), Hershman et al. (2016), de la Morena Barrio et al. (2015)
Loprinzi et al. (2007), Reeves et al. (2012), Tanabe et al. (2013),
Fernandes et al. (2016), Hausheer et al. (2006), Bao et al. (2016)

Molassiotis et al. (2019), Bandos et al. (2018), Molassiotis et al. (2019),
Bandos et al. (2018), Bao et al. (2016), Bao et al. (2016), Hiramoto et al.
(2022)

Argyriou et al. (2014), Molassiotis et al. (2019), Seretny et al. (2014),
Argyriou et al. (2008), Hiramoto et al. (2022)

Sanchez-Barroso et al. (2019)

Concomitant drug use Cardiovascular drugs; Other neurotoxic drugs

both type 1 and type 2 diabetes (diabetic peripheral neuropathy)
(Selvarajah et al, 2019), and patients with pre-existing diabetes
mellitus tend to experience more dose delays and dose reductions,
often with long-lasting, significant CIPN (de la Morena Barrio et al,,
2015). Evidence suggests severe PN is an independent risk factor
associated with persisting PN (Tanabe et al., 2013). Interestingly,
recent evidence suggests paclitaxel-induced PN may also be
influenced by the microbiome (Castelli et al, 2018; Was et al,
2022). Other risk factors include polypharmacy (Sdnchez-Barroso
et al, 2019), index drug (Argyriou et al, 2014), the number of
chemotherapy cycles 2019), and total
cumulative dose (Argyriou et al, 2008; Seretny et al, 2014;
Hiramoto et al., 2022).

Genetic factors predisposing to TIPN have been investigated,

(Molassiotis et al.,

yet findings have been inconsistent and contradictory. To date,
most investigations have been candidate gene studies (Leskeld
et al,, 2011; Bergmann et al., 2012; de Graan et al., 2013; Bosé
et al., 2014; Eckhoff et al., 2015a; Apellaniz-Ruiz et al., 2015;
Lambrechts et al., 2015; Hu et al., 2016; Di Francia et al., 2017;
Ciruelos et al., 2019), as opposed to genome-wide association
studies (Schneider et al., 2015) or whole-exome sequencing
(WES) analysis (Shen et al, 2023). A high degree of
heterogeneity has been reported in taxane pharmacokinetics
(PK) (Michael et al., 2011; Jabir et al., 2012; Hertz, 2013; Bosd
et al., 2014; Sim et al., 2018). Docetaxel is largely metabolized by
the cytochrome P450 3A (CYP3A) enzymes CYP3A4 and
CYP3A5 (Shou et al,, 1998; Engels et al., 2004; Powell et al,,
2021), while paclitaxel is metabolized by CYP3A4 and CYP2C8
(Hertz, 2013; Wang et al., 2014; Marcath et al,, 2019). Single
nucleotide polymorphisms in genes encoding these CYP3A
enzymes are known to affect their function, with reduced or
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loss of function variants often associated with increased
toxicities. The CYP3A4*22 variant (allele frequency of 5%-7%
in Caucasian populations) is associated with decreased
CYP3A4 activity (Elens et al., 2011a; Elens et al., 2011b; Elens
et al., 2011c; Elens et al., 2012; Elens et al., 2013a; Elens et al.,
2013b; van der Weide and van der Weide, 2014; de Jonge et al.,
2015; Sanchez Spitman et al.,, 2017; Mulder et al.,, 2021). In
CYP3A5, CYP3A5*1 allele is
approximately 7% of Caucasians. The loss of function variant,

the functional present in
CYP3A5%3, results in the production of non-functional proteins
(Sanchez Spitman et al., 2017; Scheibner et al., 2018).

The primary aims of our study were to i) perform a systematic
review, evaluating the current literature for potential CYP3A4*22
and CYP3A5*3 involvement as genetic risk factors for TIPN and ii)
using a candidate genotype approach, interrogate potential
associations between these pharmacokinetic genetic variants,
CYP3A4*22 and CYP3A5*3, and susceptibility to TIPN,
evaluating the combined influence of these 2 SNPs as a
genotype-derived combined CYP3A metaboliser phenotype as a
genetic risk factor for TIPN.

2 Materials and methods
2.1 Systematic review

2.1.1 Search strategy

PubMed, Science Direct and the Cochrane Library were
searched on 23/11/2022, applying the search strategy shown in
Supplementary Table S1, based on the PRISMA guidelines
(PRISMA, Preferred Reporting Items for Systematic Reviews
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c Articles identified from database search:
.2
® n=1397
2
=
Ll -
S PubMed n =991 Articles identified via other means:
T =
- Science Direct n = 141 n=20
Cochrane Library n = 265
. ' )
£
§ Articles identified after duplicates removed:
S
a n = 1407 1369 Articles excluded:
I Excluded from title alone, n = 1326
Excluded from abstract review, n = 42
> Full text not available,n=1
Fn
S Articles selected for eligibility via full text examination:
‘o
w n=38 26 Articles excluded:
I L Meta analysis or review, n =5
»
A4 Did not consider PN, n =4
c Did not investigate Taxanes, n =1
K] Studies included:
2 Did not investigate relevant SNP, n = 14
2 n=12
= Investigated combined toxicities, n = 2
FIGURE 1

PRISMA diagram showing systematic literature review, and identification of eligible publications.

and Meta-Analyses) (Page et al., 2021). Searches were not limited
by date restrictions. During the review process of our manuscript,
a further study was identified (published May 2023) and
subsequently included in the systematic review prior to final
submission.

2.1.2 Study selection and review

English language articles investigating an association between
single nucleotide polymorphisms in CYP3A4*22 and CYP3A5%3 and
peripheral neuropathy outcomes in adult populations receiving anti-
cancer taxane chemotherapy regimens were included. Search results
were identified, compiled, and screened (LMc). Irrelevant articles
were excluded in the first instance by title, then by abstract. Full text
examination of remaining articles assessed eligibility and identified
manuscripts for inclusion (LMc). Reference lists from reviews and
eligible studies were also screened for suitable articles. The article
identification and selection process is outlined in the schematic
(Figure 1).

The following relevant clinical and methodological information
was extracted from the manuscripts: Allele, chemotherapy
(treatment),  phenotype
information (sample size and cancer type) and main findings.
The data is presented in Table 2.

definition,  ethnicity, participant
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2.2 Candidate gene study

2.2.1 Participants, recruitment and consent

Participants were recruited retrospectively using a multi-centre
ethics approved protocol, Molecular Genetics of Adverse Drug
Reaction (NIHR Portfolio Study ID 8630). All patients were
given a Patient Information Leaflet (PIL) and a signed consent
form was required for recruitment and to be included in the study. If
a patient lacked capacity to consent, a personal consultee or a
nominated consultee was approached. Recruitment took place
across five sites located throughout England: Clatterbridge
Cancer Centre NHS Foundation Trust (CCO), St Helens and
Knowsley NHS Trust (SHK), The Christie NHS Foundation
Trust (CHR), Wrightington, Wigan and Leigh NHS Foundation
Trust (WWL), and The Shrewsbury and Telford Hospital NHS
Trust (RSO).

Eligible patients, aged >18 years and meeting the case or control
definitions, were invited to participate in the study. Identification of
eligible patients was via the following methods: patient lists,
generated by coding departments, of individuals having received
the relevant chemotherapy regimens; patient consultants informing
the trials/study team; and identification on chemotherapy day units.
Participants receiving oxaliplatin represented a control cohort in
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TABLE 2 Study characteristics and principal findings from the systematic review.

10.3389/fphar.2023.1178421

References Chemotherapy PN Ethnicity Participants Main findings Inclusion in
phenotype meta-analysis
definition

CYP3A4*22

Apellaniz-Ruiz Paclitaxel NCI-CTCAE v4.0 = Spanish Country: Spain. Total: Trend toward higher Insufficient data

et al. (2015) 236; Breast and ovarian treatment modifications in available for inclusion

cancer patients carriers of CYP3A4*22 (p = | in meta-analysis

0.066); yet no statistically

significant differences

observed for PN grade and

treatment modifications due

to PN
Ciruelos et al. Paclitaxel (nab- NCI-CTCAE v4.0 = Spanish Country: Spain. Total: 60; | No correlation between Insufficient data
(2019) paclitaxel) Breast cancer patients CYP3A4*22 and available for inclusion

neurotoxicity in either in meta-analysis

univariate (p = 0.562, HR =

1.43, 95% CI = 0.43-4.79) or

multivariate analysis. (p =

0.241, HR = 2.12, 95% CI =

0.60-7.49)
de Graan et al. Paclitaxel NCI-CTCAE Exploratory Country: Netherlands. Female CYP3A4%22 carriers | Included in meta-
(2013) v2.0-4.0 cohort: Caucasian, = Exploratory cohort: 261, | have increased risk of PN, analysis. Results

Di Francia et al.
(2017)

Taxane: Paclitaxel- or
Docetaxel-based

NCI-CTCAE v4.0

96%; Other, 4%

various cancer types

p=0043

displayed in Forest
Plot, Figure 2

Validation cohort:
Caucasian, 95%;
Other, 3%;
Unknown, 2%

Italian, Caucasian

Validation cohort: 239,
various cancer types

Country: Italy. 76 cancer
patients; various cancer
types. 35 receiving
adjuvant taxane
chemotherapy. Control
cohort, n = 41; Case
(taxane) cohort = 35

CYP3A4%22 carriers have
increased risk of grade 3 PN
(p = 0.001, OR = 19.1, 95%
CI = 3.3-110), confirming
observations from the
exploratory cohort in
females

Pharmacogenomic analysis
showed no correlation
between CYP3A4*22 and
neurotoxicity

Included in meta-
analysis. Results
displayed in Forest
Plot, Figure 2

Shen et al. (2023)

Paclitaxel (adjuvant)

NCI-CTCAE v3.0

European ancestry

Country: United States of
America (patients
genetically determined to
be of European ancestry).
340 breast cancer patients
(168 cases, PN grade 3-4;
172 controls)

No association observed
between CYP3A4
metaboliser status and severe
TIPN

Insufficient data
available for inclusion
in meta-analysis.
Allele frequencies
reported for the total
study population,
rather than by cases
and tolerant controls

CYP3A5*3

Bergmann et al.
(2012)

Boso et al. (2014)

Paclitaxel (followed by
carboplatin)

Docetaxel, n = 70.
Paclitaxel, n = 43

NCI-CTCAE v3.0

NCI-CTCAE v4.0

Scandinavian,
Caucasian

Caucasian

Country: Denmark/
Sweden. 92; Ovarian,
fallopian tube or
peritoneal cancer patients

Country: Spain.
113 breast cancer patients

No association between
CYP3A5%3 variant and PN
reported

No association between
CYP3A5%3 variant and PN
reported

Insufficient data
available for inclusion
in meta-analysis

Insufficient data
available for inclusion
in meta-analysis

Eckhoff et al.
(2015a)

Hu et al. (2016)

Docetaxel

Paclitaxel/carboplatin
regimen

NCI-CTCAE v2.0

WHO grading
scale/NCI-
CTCAE v2.0

Western European

Chinese

Country: Denmark. 150
(early-stage) breast
cancer patients

Country: China.
75 epithelial ovarian
cancer patients

No association between
CYP3A5%3 variant and PN
reported

No association observed
between CYP3A5*3 variant
and PN

Included in meta-
analysis. Results
displayed in Forest
Plot, Figure 2

Included in meta-
analysis. Results
displayed in Forest
Plot, Figure 2
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TABLE 2 (Continued) Study characteristics and principal findings from the systematic review.

References Chemotherapy

PN

phenotype
definition

Ethnicity

Participants

10.3389/fphar.2023.1178421

Main findings

Inclusion in
meta-analysis

Lambrechts et al. = Paclitaxel (Paclitaxel-

(2015) carboplatin
combination therapy)

Leskeld et al. Paclitaxel

(2011)

Schneider et al. ECOG-5103: Paclitaxel

(2015)

ECOG-1199
(validation study):
Paclitaxel or docetaxel

NCI-CTCAE v4.0

NCI-CTCAE v2.0

NCI-CTCAE v3.0

NCI-CTCAE v2.0

Caucasian, 99%

White, and of
European origin

White, African
American;
European descent
subset

White, African
American;
European descent
(Caucasian) subset

Country: Belgium/
Luxembourg. 265 ovarian
cancer patients receiving
paclitaxel-carboplatin
combination therapy
underwent neurotoxicity
analysis

Country: Spain.
118 cancer patients;
various cancer types

Country: United States.
ECOG-5103: 3,431 Breast
cancer patients

ECOG-1199: 2,407 Breast
cancer patients

No significant association
between CYP3A5*3 variant
and PN

CYP3A5%3 variant associated
with decreased risk of PN
(p = 0.012, HR = 0.51, 95%
CI = 0.30-0.86; HR
estimated by multivariable
Cox regression, adjusting for
treatment schedule and age)

GWAS: No association
between CYP3A5*3 variant
and PN reported

No association between
CYP3A5%3 variant and PN
reported

Insufficient data
available for inclusion
in meta-analysis

Insufficient data
available for inclusion
in meta-analysis

Insufficient data
available for inclusion
in meta-analysis

Insufficient data
available for inclusion
in meta-analysis

Shen et al. (2023) = Paclitaxel (adjuvant)

NCI-CTCAE v3.0

European ancestry

Country: United States of
America (patients
genetically determined to

No association observed
between CYP3A5
metaboliser status and severe

Insufficient data
available for inclusion
in meta-analysis.

be of European ancestry). = TIPN
340 breast cancer patients
(168 cases, PN grade 3-4;

172 controls)

Allele frequencies
reported for the total
study population,
rather than by cases
and tolerant controls

ABBREVIATIONS: CI, confidence interval; HR, hazard ratio; OR, odds ratio; PN, peripheral neuropathy; WHO, world health organization.

this study. The following were the criteria for categorisation as either
case or control:
Case definition:

« No pre-existing peripheral neuropathy at the time of starting
chemotherapy.

o Grade 2 or greater peripheral neuropathy leading to dose
reduction, dose delay, or early cessation of chemotherapy.

OR.

Any grade 3 or 4 peripheral neuropathy developing during or
within 6 weeks of completion of chemotherapy (this was also defined
as a severe case).

o Chemotherapy regimens included were oxaliplatin, 3 weekly
paclitaxel, and any three weekly docetaxel regimen.
» No subsequent treatment with cisplatin or vinca alkaloid.

Control definition:

o Has received at least 6 cycles of oxaliplatin containing
chemotherapy OR 6 cycles of 3- weekly paclitaxel
chemotherapy, OR 6 or more cycles of docetaxel 75 mg/m?
OR 4 or more cycles of docetaxel 100 mg/m*.
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o No pre-existing peripheral neuropathy at the time of starting

chemotherapy.
o No peripheral neuropathy during chemotherapy OR
maximum of grade 1 peripheral neuropathy.

« No subsequent treatment with cisplatin or a vinca alkaloid.

Peripheral neuropathy grading was confirmed using the
National Cancer Institute Common Terminology Criteria for
NCI-CTCAE v4.0
protocolDevelopment/electronic_applications/ctc.htm)

Adverse Events (https://ctep.cancer.gov/
(National
Cancer Institute, 2010). Maximal symptoms and symptoms at
recruitment, including trips or falls due to PN, were recorded.
Information on family history of PN and pre-existing PN was
also captured.

Treatment information details were obtained from patient case
notes, including chemotherapy regimen, cumulative dose of index
drug, oncology treatment medications and alterations to planned
chemotherapy regimen (if any): dose delays, reductions, and
premature cessation of treatment. ADR data was recorded: date
of onset of reaction, resolution of ADR, and if resolved, date thereof.
Concurrent medications/chemicals (at time of reaction) were
recorded. All case report form (CRF) data was transcribed to
‘OpenClinica’ eCRFs (electronic CRFs) facilitating clinical data
management (OpenClinica LLC, Waltham, MA, USA).
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2.2.2 Sample collection

Approximately 9 mL whole blood was collected in BD Vacutainer”
EDTA (BD™ Biosciences, USA) or S-Monovette” EDTA tubes (Sarstedt
AG & Co. KG, Germany). If venepuncture was unsuccessful or not
possible, 2-4 mL saliva was collected using Norgen® Saliva DNA
Collection and Preservation Devices (Product # RU49000; Norgen
Biomek Corp., Ontario, Canada) or DNA Genotek Oragene® DNA
OG-500 kits (DNA Genotek Inc., Ontario, Canada). Blood samples were
stored at —20°C prior to DNA isolation. Saliva samples were stored at 4°C
prior to DNA isolation.

2.2.3 DNA isolation and quantification

Genomic DNA was isolated from 5 mL whole blood using the
Chemagic™ Magnetic Separation Module 1 (MSM 1 (PerkinElmer”,
USA)) as per manufacturer’s protocol (Chemagen Biopolymer-
Technologie AG, Baesweiler, Germany) using CMG-703-1
Chemagic DNA Blood Kits (CMG-703-1 Chemagic DNA Blood 5k
Kit H12, PerkinElmer LAS (UK) Ltd, Buckinghamshire, UK).
Genomic DNA was manually isolated from 2-4 mL saliva using the
Norgen® Saliva DNA Isolation Reagent Kit (Product # RU35720;
Norgen Biomek Corp., Ontario, Canada) or Oragene prepIT® L2P
DNA extraction kit (DNA Genotek Inc., Ontario, Canada), as per
manufacturer’s protocols. Quantification of DNA samples was initially
completed using the NanoDrop™ 8,000 Spectrophotometer
(ThermoFisher Scientific™, USA). DNA
confirmed using the Quant-iT™ PicoGreen™ dsDNA quantitation
assay kit (ThermoFisher Scientific™, USA).

concentration was

2.2.4 Genotyping by TagMan® real-time
polymerase chain reaction (QPCR)

Genotyping of CYP3A4*22 and CYP3A5*3 was undertaken using
commercially available, validated Tagman™ drug metabolism SNP
genotyping assays (CYP3A4*22, NCBI SNP Reference: rs35599367,
Assay ID: C_59013445_10; CYP3A5%3, NCBI SNP Reference:
rs776746, Assay ID: C_26201809_30) with 1 x Genotyping Master
Mix (all acquired from Applied Biosystems (ThermoFisher
Scientific™, USA)), using the Applied Biosystems 7900HT Fast
Real-Time PCR System (Applied Biosystems, ThermoFisher
Carlsbad, CA), with Sequence Detection Systems (SDS) Version
24.1 software (2010 Life Technologies Corp.). 5pL reaction
volumes were used. All samples were analysed in duplicate. SNPs
with a call rate of <95% were excluded. Minor allele frequencies
(MAF) for both SNPs were confirmed using dbSNP: CYP3A4*22
MAF European (Caucasian) populations, 5%. CYP3A5*3 MAF
European (Caucasian) populations, 7%.

2.2.5 Statistics and data analysis

Statistical analysis was undertaken using the SPSS” statistical
package (IBM Corp. Released 2021. IBM SPSS Statistics for
Windows, Version 28.0. Armonk, NY: IBM Corp). Continuous
variables were analysed by student’s (independent) t-test, and
categorical variables by the chi-square test.

Genotype-derived CYP3A (CYP3A4/CYP3A5) metaboliser
phenotypes were defined as previously described (Sim et al,
2018), as follows (Supplementary Table S2):

o Poor metabolisers (PM); expected poor catabolic activity,
carrying 1 or 0 active CYP3A4 or CYP3A5 alleles.
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o Intermediate metabolisers (IM); expected intermediate
catabolic activity, carrying 2 active CYP3A4 and CYP3A5
alleles.

o Extensive metabolisers (EM); expected extensive catabolic
activity, carrying at least 3 active CYP3A4 and CYP3A5 alleles.

Univariate analysis analysed SNP association between case,
severe case, and control groups. Clinical factors with significant
differences (p = <0.1) were carried forward for inclusion in the
binary logistic regression model.

2.2.6 Meta-analysis

Forest plots were produced using RevMan (Review Manager
(RevMan) [Computer program]. Version 5.4., 2020), as described in
Table 2. The Forest Plots were inspected and assessed for statistical
heterogeneity; categorization of heterogeneity was based on the
Cochrane Handbook for Systematic Reviews of Interventions: 0%-
40% might not be important; 30%-60% may represent moderate
heterogeneity; 50%-90% may represent substantial heterogeneity;
75%-100% considerable heterogeneity.

3 Results
3.1 Systematic review

Twelve studies met the predefined eligibility criteria and were
included in the systematic review (Figure 1). There was a single
genome-wide association study (GWAS), with a validation cohort
including multiple candidate SNPs across multiple genes (Schneider
et al., 2015). Three studies investigated SNPs in a single candidate
gene (de Graan et al,, 2013; Apellaniz-Ruiz et al., 2015; Hu et al,,
2016). Seven studies investigated multiple SNPs across multiple
genes (Leskeld et al., 2011; Bergmann et al., 2012; Boso et al., 2014;
Eckhoff et al., 2015a; Lambrechts et al., 2015; Di Francia et al., 2017;
Ciruelos et al., 2019). The remaining study employed genome-wide
genotyping, whole-exome sequencing (WES) analyses, and TagMan
assays (Shen et al, 2023). Assessing the association between
CYP3A4*22 and TIPN were four studies (de Graan et al.,, 2013;
Apellaniz-Ruiz et al., 2015; Di Francia et al., 2017; Ciruelos et al.,
2019). Seven studies assessed the association between CYP3A5*3
and TIPN (Leskeld et al., 2011; Bergmann et al., 2012; Hertz et al.,
2012; Boso et al., 2014; Lambrechts et al., 2015; Schneider et al., 2015;
Huetal,, 2016). A single study assessed the association between both
SNPs, CYP3A4*22 and CYP3A5%3, and TIPN (Shen et al., 2023).

All studies were published between 2011 and 2023. Across all
12 studies, assessment of PN was made using NCI-CTCAE,
although the version used differed between studies as shown in
Table 2. In addition to evaluation of toxic effects using NCI-CTCAE,
one study also used the World Health Organization grading scale to
assess neurotoxicity (Hu et al., 2016). Nine studies were conducted
in Europe. These studies reported ethnicity information as European
or Caucasian (>95%) as described in Table 2. One study was
conducted in China (Hu et al, 2016), with exclusively Chinese
participants, and two in the United States (Schneider et al.,, 2015;
Shen et al, 2023): one of these US studies analysed patients of
European ancestry (Shen et al., 2023). Seven studies focussed on
single cancer types: five studies on breast cancer (Boso et al., 2014;
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TABLE 3 Case and control comparison of non-genetic clinical variables in the taxane cohort.

Controls
(n = 157)

Variable Population

(n =211)

Peripheral
neuropathy (n = 54)

Severe peripheral
neuropathy (n = 27)

p-value

Index Drug Docetaxel 139 (66%) 114 (73%) 25 (46%) <0.001 12 (44%) 0.006
Paclitaxel 72 (34%) 43 (27%) 29 (54%) 15 (56%)
Mean Age, Years (SD) 60.6 (£11.3) 59.7 (£11.6) 63.0 (£10.2) 0.065 63.3 (£9.4) 0.133
Sex Male 55 (26%) 50 (32%) 5 (9%) 0.001 4 (15%) 0.107
Female 156 (74%) 107 (68%) 49 (91%) 23 (85%)
Mean BMI (SD) 28.2 (£5.6) 27.8 (£5.3) 29.4 (£6.3) 0.103 29.3 (£5.9) 0.196
Diabetes No 198 (94%) 151 (96%) 47 (87%) 0.024 22 (81%) 0.012
Yes 13 (6%) 6 (4%) 7 (13%) 5 (19%)
Alcohol Consumption, <1 140 (66%) 103 (66%) 37 (69%) 0.846 17 (63%) 0.923
units/day
1-5 54 (26%) 41 (26%) 13 (24%) 8 (30%)
6-14 15 (7%) 11 (7%) 4 (7%) 2 (7%)
15 + 2 (1%) 2 (1%) 0 (0%) 0 (0%)
Hepatic Impairment No 211 (100%) 157 (100%) 54 (100%) 27 (100%)
CYP3A-interacting Yes 211 (100%) 157 (100%) 54 (100%) 27 (100%)
concurrent medications

These bold values are simply sub-categories for each variable.

Eckhoff et al., 2015a; Schneider et al., 2015; Ciruelos et al., 2019;
Shen et al., 2023), and two on ovarian cancer (Lambrechts et al.,
2015; Hu et al., 2016). One study recruited both breast and ovarian
cancer patients (Apellaniz-Ruiz et al., 2015), and another recruited
gynaecological cancers (ovarian, fallopian tube and peritoneal
cancers) (Bergmann et al., 2012). The remaining studies included
participants with various cancer types (Leskeld et al., 2011; de Graan
et al., 2013; Di Francia et al.,, 2017). Considering chemotherapy
regimens, eight studies were taxane-only therapies (Leskeld et al.,
2011; de Graan et al,, 2013; Bosd et al., 2014; Eckhoff et al., 2015a;
Apellaniz-Ruiz et al., 2015; Schneider et al., 2015; Di Francia et al.,
2017; Ciruelos et al., 2019). Three studies recruited patients treated
with paclitaxel plus carboplatin combination therapy (Bergmann
etal., 2012; Lambrechts et al., 2015; Hu et al,, 2016). The final study
recruited patients treated with adjuvant paclitaxel (Shen et al., 2023).

3.2 Findings of the systematic review

For CYP3A4*22, there were contradictory findings in the
literature. Di Francia et al showed no correlation between
CYP3A4*22 and neurotoxicity after treatment with docetaxel or
paclitaxel (Di Francia et al.,, 2017). Ciruelos et al also showed no
significant association between CYP3A4*22 and neurotoxicity after
treatment with nab-paclitaxel (Ciruelos et al., 2019). Conversely, a
Dutch trial reported a significant association between female
CYP3A4*22 carriers and paclitaxel-induced neurotoxicity in an
exploratory cohort (p = 0.043). An independent validation cohort
reported a higher risk of developing grade 3 neurotoxicity in
CYP3A4*22 carriers compared to non-carriers (p = 0.001; odds
ratio (OR) = 19.1, 95% confidence interval (CI) = 3.3-110)
(de Graan et al., 2013). Whole-exome sequencing of gene CYP3A4
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in Spanish participants receiving paclitaxel chemotherapy reported a
trend towards higher treatment modifications in carriers of
CYP3A4*22 (p = 0.066), but no statistically significant differences
were observed for neuropathy grade and treatment modifications due
to neuropathy (Apellaniz-Ruiz et al., 2015).

For CYP3A5%3, out of the seven studies, no significant association
between the CYP3A5%3 variant and PN was reported in six (Bergmann
et al., 2012; Boso et al., 2014; Eckhoff et al., 2015a; Lambrechts et al.,
2015; Schneider et al., 2015; Hu et al., 2016). The remaining study
(Leskeld et al., 2011), in 118 Spanish paclitaxel-treated cancer patients
reported a protective association for CYP3A5*3 (p = 0.012, hazard
ratio per allele = 0.51, 95% CI = 0.30-0.86).

Shen et al analysed both CYP3A4*22 and CYP3A5*3 in breast
cancer patients of European ancestry receiving standard doses of
paclitaxel. Four diplotypes for CYP3A4 (*1/*1,*1/*2,*1/*22 and *22/
*22) and three for CYP3A5 (*1/*1, *1/*3, and *3/*3) were identified.
Metaboliser status of CYP3A4, CYP3A5 (and CYP2C8) was
predicted for each participant. No associations were reported
between CYP3A4 or CYP3A5 predicted metaboliser status and
severe (grade 3-4) TIPN (Shen et al,, 2023).

3.3 Candidate gene study

Twenty-four participants were excluded due to genotyping
failures despite repeat genotyping. A total of 288 eligible
participants with full clinical data were successfully genotyped
and included in the final analysis. All participants were Caucasian.

Of the total study population (n = 288), 211 (73%) were receiving
taxane chemotherapy (docetaxel or paclitaxel): of these, 54 (26%) were
categorised as cases, with 27 (13%) having severe neuropathy.
Therefore, 157 (74%) participants served as controls (Table 3).
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TABLE 4 CYP3A genotypes in the taxane and oxaliplatin cohorts with and without peripheral neuropathy.

Genotype Control PN

Or (95% Cl)

Severe PN Or (95% Cl)

p-value

p-value

Taxane cohort

CYP3A4*22 1535599367 *1/41 132 (84%) 48 (89%) 0.6 (0.2-1.6) 0.3 24 (89%) 0.6 (0.2-2.4) 0.5
*1/22 25 (16%) 6 (11%) 3 (11%)
*22/%22 0 0 0
CYP3A5*3 15776746 *1/#1 0 0 1.2 (0.4-3.8) 0.7 0 1.4 (0.4-5.7) 0.6
*1/%3 18 (11%) 5 (9%) 3 (11%)
*3/%3 139 (89%) 49 (91%) 24 (89%)
Oxaliplatin cohort
CYP3A4*22 1$35599367 *1/41 37 (95%) 37 (97%) 1.0 20 (100%) 0.5
17422 2 (5%) 1 (3%) 0
*22/%22 0 0 0
CYP3A5*3 | rs776746 *1/41 0 0 0.1 0 1.0
*1/%3 15 (38%) 8 (21%) 7 (35%)
*3/%3 24 (62%) 30 (79%) 13 (65%)

CI, confidence interval; OR, odds ratio; PN, peripheral neuropathy.
These rs numbers are the reference SNP values for identifying the particular SNPs.

TABLE 5 CYP3A metaboliser status for the taxane and oxaliplatin cohorts.

Metaboliser status Controls

Cases with peripheral neuropathy

Cases with severe peripheral neuropathy

Taxane cohort (numbers)

Poor Metabolizer 24 6 3
Intermediate Metabolizer 116 43 21
Extensive Metabolizer 17 5 3
OR (95% CI) 1.5 (0.7-3.0) 1.5 (0.6-3.7)
p-value 0.3 0.4
Oxaliplatin cohort (numbers)
Poor Metabolizer 2 1 0
Intermediate Metabolizer 22 29 13
Extensive Metabolizer 15 8 7
p-value 0.2 0.5

CI, confidence interval; OR, odds ratio.

A cohort of 77 (27%) patients who had received oxaliplatin
chemotherapy was also studied. This included patients with (n = 38;
49%; 20 (26%) were severe) and without (n = 39; 51%) peripheral
neuropathy.

For the taxane cohort, demographics and non-genetic patient
characteristics are shown in Table 3. The most common primary
cancer types were breast (n = 81 (38%)), followed by ovarian (n =
57, 27%) and prostate (n = 53; 25%). The mean age of the taxane
cohort was 60.6 years (standard deviation (SD) +11.3). Mean age
for control participants was 59.7 years (standard deviation
(SD) +11.6).
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Paclitaxel was significantly more neurotoxic than docetaxel (p <
0.001; chi-square). Diabetes was also found to be significantly
associated with neuropathy: 4% of control patients had diabetes,
whilst 13% of case patients had diabetes (p = 0.024). In severe PN
cases, 19% of patients had diabetes (p = 0.012). No significant
differences were observed between cases and controls in BMI,
alcohol consumption (units/day), hepatic impairment or CYP3A-
interacting concurrent medications. Cases tended to be older
although this was not significant (p = 0.065).

For the taxane cohort, both SNPs were confirmed to be in Hardy-
Weinberg equilibrium (CYP3A4%22, p = 0.25; CYP3A5*3, p = 0.40).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1178421

McEvoy et al. 10.3389/fphar.2023.1178421
A Peripheral neuropathy  Tolerant Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
de Graan Al etal 2013 10 44 51 447 341% 2.28[1.06, 4.90] -
DiFranciaRetal 2017 3 23 2 12 11.0% 0.75[0.11,5.24) —
McEvoy L et al 2023 6 54 25 157 549%  0.66([0.26,1.71) ——
Total (95% CI) 121 616 100.0% 1.22 [0.69, 2.16] ’
Total events 19 78
Heterogeneity: Chi*= 4.43, df= 2 (P = 0.11); F= 55% ’o 01 =1 150
Test for overall effect: Z=0.70 (P = 0.49) : Favdurs Control Favours Case
B Peripheral neuropathy  Tolerant Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
EckhoffLetal 2015 65 75 61 75 381% 1.49[0.62, 3.61) —TE—
HulLetal 2015 15 30 25 45 346% 0.80[0.32,2.02) ——
McEvoy L et al 2023 49 54 139 157 27.3% 1.27 [0.45, 3.60] =
Total (95% Cl) 159 277 100.0% 1.15[0.67, 1.98] <
Total events 129 225
Heterogeneity: Tau®= 0.00; Chi*= 0.96, df= 2 (P = 0.62); F= 0% :CI 0 051 150 100’
Test for overall effect: Z= 0.50 (P = 0.61) ’ Favours Confrol Favours Case
FIGURE 2

Association between CYP3A4*22 and CYP3A5*3 variants and taxane-induced peripheral neuropathy. (A). Association between CYP3A4*22 and
taxane-induced peripheral neuropathy. Analysis of *22 carriage (*1/*22 and *22/*22) vs. non-carriage (*1/*1). Note: The phenotype definition for cases in
Di Francia et al. (2017) differed from our phenotype definition of Grade 2 PN and above. Di Francia et al. (2017) considered Grade 1 and above as cases.
(B). Association between CYP3A5*3 and taxane-induced peripheral neuropathy. Analysis of *3 homozygous carriage (*3/*3) vs. non-carriage and

heterozygous carriage (*1/*1 and *1/*3).

No significant associations were observed between either SNP and
development of peripheral neuropathy or severe peripheral
neuropathy (Table 4). Combined CYP3A4 and CYP3A5 genotypes
were transformed into combined CYP3A metaboliser phenotype
classifications (Sim et al., 2018), as shown in Supplementary Tables
S2 and S5. No significant associations were observed between
metaboliser phenotype and case-control status or severe case-
control status (Tables 4 and 5). No significant association was
observed between either SNP and the development of peripheral
neuropathy in the taxane-treated participants in univariate or
multivariate analysis after adjustment for relevant clinical factors.
For the oxaliplatin cohort, both SNPs were confirmed to be in
Hardy-Weinberg equilibrium (CYP3A4*22, p = 0.86; CYP3A5*3, p =
0.12). As expected, no significant association was observed between
either SNP and development of peripheral neuropathy or severe
peripheral neuropathy (Table 4). No significant associations were
observed between genotype-derived combined CYP3A metaboliser
phenotype (CYP3A4/CYP3A5) and development of peripheral
neuropathy or severe peripheral neuropathy (Table 5).

3.4 Meta-analysis

The results of both Forest Plots are shown in Figure 2. Ethnicity
information for all studies is described in Table 2. In our study, all
participants were European Caucasians.

For CYP3A4*22, sufficient data was available from 2 studies (de
Graan et al., 2013; Di Francia et al.,, 2017). Combining this with the
data we generated showed that there was no association between
CYP3A4*22 and PN (OR 1.22; 95% CI 0.69-2.16; I* 55%; p = 0.49).
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For CYP3A5*3, sufficient data was available from 2 studies
(Eckhoff et al., 2015a; Hu et al, 2016). Combining these two
studies with the data from our candidate gene analysis again
showed no association between CYP3A5*3 and PN (OR 1.15;
95% CI 0.67-1.98; I* = 0%; p = 0.61).

4 Discussion

Taxane chemotherapy is known to cause peripheral
neuropathy, and is a leading cause of dose-reduction and/or
premature treatment cessation, and has a detrimental impact
on patients’ quality of life. Given the P450 enzymes involved in
the biotransformation of taxanes, our study was designed to
evaluate putative genetic associations between two candidate
genes, CYP3A4*22 and CYP3A5*3, and development of TIPN.
Both CYP3A4*22 and CYP3A5*3 are associated with decreased
activity (Elens et al., 2011a; Elens et al., 2011b; Elens et al., 2011¢;
Elens et al., 2012; Elens et al., 2013a; Elens et al., 2013b; van der
Weide and van der Weide, 2014; de Jonge et al., 2015; Sanchez
Spitman et al., 2017; Mulder et al., 2021) and loss of function
(Sanchez Spitman et al., 2017; Scheibner et al., 2018) respectively.

We undertook a systematic review, and also genotyped a cohort of
patients treated with taxanes and oxaliplatin. In relation to CYP3A4,
although de Graan et al had identified an association between
CYP3A4*22 carriers and PN (de Graan et al.,, 2013), other studies
failed to demonstrate an association (Table 2). The results of our
candidate gene study also failed to demonstrate an association
between CYP3A4*22 and development of PN or PN severity
(Table 4). The absence of subjects displaying a homozygous
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CYP3A4*22 genotype, however, is noteworthy. It is important to
acknowledge that a potential risk associated with homozygous
CYP3A4*22 genotypes cannot be completely ruled out due to our
limited sample size. Further investigations with a larger, more diverse
cohort, are warranted to comprehensively assess potential
implications of homozygous CYP3A4*22 genotypes in TIPN.
Similarly, an assessment of the current evidence failed to show a
CYP3A5*3  variant
development of PN or severity of PN (Bergmann et al.,, 2012; Boso
et al., 2014; Eckhoff et al., 2015a; Lambrechts et al., 2015; Schneider
et al,, 2015; Hu et al, 2016; Shen et al,, 2023). Our candidate gene

analysis also failed to demonstrate an association between CYP3A5*3

significant association between the and

and development of PN or PN severity. For both variants, the lack of
an association was confirmed by our meta-analyses.

Combined CYP3A4 and CYP3A5 genotypes were transformed
into a CYP3A metaboliser phenotype classification with expected
metabolic activities as previously defined (Sim et al., 2018). Carriers of
CYP3A4*22 and CYP3A5*3 variant alleles have reduced metabolic
activity and theoretically, would be at greater risk of toxicity. However,
our data suggest that CYP3A metaboliser phenotype (CYP3A4/
CYP3A5) is not a risk factor with a large effect size for taxane-
induced peripheral neuropathy. However, we cannot exclude the
possibility of a minor contribution, which would require a larger
sample size.

We also studied a cohort of patients who had received oxaliplatin
chemotherapy, which could be regarded as a separate “control”
cohort. Oxaliplatin is not metabolised by CYP3A and therefore we
did not expect to find any association with the CYP3A genetic
polymorphisms. Indeed, this was borne out in our analysis with
no association identified with either the individual alleles (Table 4) or
the metaboliser status (Table 5).

Conventionally, paclitaxel is considered to be more frequently
associated with peripheral neuropathy than docetaxel (Markman,
2003; Lee and Swain, 2006; Shimozuma et al., 2012; Kudlowitz and
Muggia, 2013; Bhatnagar et al., 2014; Miltenburg and Boogerd, 2014).
Our results support this. Our data suggest that development of
peripheral neuropathy during chemotherapy is a greater risk in
patients who have diabetes in keeping with previous literature
(Hershman et al., 2016; Molassiotis et al., 2019). Advanced age has
been a reported a risk factor in the literature (Tanabe et al., 2013;
Schneider et al., 2015; Bao et al., 2016; Hershman et al., 2016; Tanabe
et al., 2017; Bandos et al., 2018; Miaskowski et al., 2018; Molassiotis
et al., 2019; Sdnchez-Barroso et al., 2019; Hiramoto et al., 2022;
Rattanakrong et al., 2022), and our data show a trend towards age
being a risk factor, but this was not significant presumably because of a
lack of power. Sex was also significantly associated with development
of PN: 91% of cases were female.

The size of our candidate gene study is a limitation. A larger
sample size may identify minor contributions from genetic variants
predisposing individuals to increased susceptibility to TIPN, and
allow for analysis of polygenic risk scores (PRS), rather than
investigating individual alleles. Our study also lacks ethnic
diversity: all participants were Caucasian. This is not rare.
Genomic studies are commonly Euro-centric, with 97% of existing
GWAS data from participants of European ancestry (Mills and Rahal,
2020; Pirmohamed, 2023). Our systematic review also showed an
under-representation of non-European ancestry populations: 9 out of
12 studies were conducted in Europe, with an additional US study
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exclusively analysing patients genetically determined to be of
European ancestry (Shen et al, 2023). However, evaluation of
CYP3A4*22 and CYP3A5*3 allele frequencies in global populations
(Supplementary Table S3) shows that the loss-of-function alleles are
more common in European ancestry populations, and if an
association exists with these variants and TIPN, it is more likely to
be identified in this population. Concerning CYP3A5*3, there exists a
significant challenge in establishing associations with TIPN in
Caucasian populations due to the high frequency of the CYP3A5*3
variant. Further investigations in African ancestry populations, with a
greater proportion of CYP3A5*] alleles, may have greater power to
detect differences in genetic predisposition to TIPN. Thus, future
work should aim to improve ethnic diversity, serving to help address
issues concerning heath disparities in genomic medicine and promote
health equity. It would also identify novel loci predisposing to TIPN
especially if genome-wide approaches are adopted.

In future studies, it will be important to consider not only the
genetic factors, but also individual clinical factors with a view to
generating multi-modal algorithms. For instance, multimorbidity, a
recognised risk factor in CIPN, increases the prevalence of
polypharmacy (Masnoon et al,, 2017) and with that, the likelihood
of drug- and gene-based interactions (Turner et al, 2020). With
increasing cancer incidence and the increasing number of cancer
survivors, together with changing population demographics, it is likely
that the prevalence of CIPN will increase. It is therefore important that
further research is conducted in this area, not only to identify
predisposing factors, but also to develop biomarkers (Rossor and
Reilly, 2022) which may allow earlier detection of toxicity, and offer
insight into underlying mechanisms, pathogenesis and treatment
(Rodwin et al., 2022).

It is also interesting to note that preventive strategies that
can protect nerves from being damaged by taxane-based
chemotherapy are being trialled (see Supplementary Table S4
which summarises trials registered on clinicaltrials.org). Some
of these trials are investigating the use of neuroprotective
agents, including vitamin E (Anoushirvani et al., 2018; Samuels
and Ben-Arye, 2020; Chen et al.,, 2021) and acetyl-L-carnitine (Di
Stefano et al., 2019), which have been shown to display some
efficacy in preclinical studies. Alpha-lipoic acid has also been
studied as an effective intervention for the treatment of diabetic
neuropathy (Abubaker et al., 2022). Other studies are evaluating
dose modifications (Sharma et al., 2020), and exercise programme
(Kleckner et al., 2018; Miiller et al., 2021; Chung et al., 2022) to
prevent or manage PN. Despite some encouraging results, given
that we do not fully understand the mechanisms of CIPN/TIPN,
whether these intervention strategies will be successful is unclear,
and continuing further research is needed.

Another factor which is important for future studies is to ensure
that
Standardization

phenotypic assessment of patients is standardised.

of phenotype definitions and consensus
guidelines is an approach which has been employed with other
ADRs (Aithal et al., 2011; Pirmohamed et al., 2011; Behr et al., 2012;
Alfirevic et al,, 2014; Carr et al,, 2017; Nicoletti et al., 2021) as
championed by the Phenotype Standardization Project
(Pirmohamed et al., 2011). NCI-CTCAE is the most widely-used
assessment tool for CIPN in clinical practice (Tan et al., 2019; Li
et al., 20205 Selvy et al.,, 2021), yet despite this, a review identified

117 distinct CIPN assessment tools (McCrary et al, 2017).
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Heterogeneity in phenotype definitions, in terms of the particular
assessment tool used, and the subjective nature of these tools may
underestimate the prevalence and severity of CIPN (Cella et al,
2003; Cavaletti et al., 2010; Frigeni et al., 2011; Chow et al.,, 2012;
Argyriou et al., 2014; Majithia et al., 2016; Beutler et al., 2017; Cliff
et al., 2017; Le-Rademacher et al., 2017; Colvin, 2019; Kanda et al.,
2019; Tan et al., 2019; Selvy et al., 2021). Thus, collaborative efforts
to standardize detailed phenotype definitions and clinical
assessment would help to mitigate diagnostic uncertainty, and
therefore aid identification of genetic associations.

Currently, oncology is considered the most evolved field in
personalised medicine. Despite this, use of PGx testing in taxane-
based therapies is limited, in part due to speculation over positive
impact on health outcomes, cost-effectiveness, and contradictory
findings. A validated PGx panel assay for the prevention of
neurotoxicity has been proposed (Di Francia et al, 2017), using
pharmacogenomic profiles to stratify predicted treatment outcomes
and optimize pharmacotherapy, but is not implemented, perhaps
because of the contradictory genetic findings and lack of prospective
evaluation. The importance of a robust study design in demonstrating
the clinical utility of panel pharmacogenetic testing has been
demonstrated recently in the PREPARE trial, where a 12-gene
panel was able to reduce adverse drug reactions to a variety of
compounds by 30% (Swen et al., 2023). Looking forward, as next-
sequencing  (NGS)
commonplace in research and clinical practice, the importance of

generation technologies become more
low frequency variants (minor allele frequencies between 5% and 1%)
and rare variants (minor allele frequency <1%) in drug response
should be explored and evaluated using large-scale population studies
supplemented by robust electronic health records or population
biobanks with linked genomics data (Pirmohamed, 2023).

In conclusion, we did not demonstrate an association between
TIPN and genetic polymorphisms in CYP3A4 and CYP3A5. Our
systematic review also shows some contradictory findings, but overall
is consistent with our candidate gene analysis in failing to show
an association, confirmed by the meta-analysis. Our study is limited
by a small sample size, and so we cannot exclude a smaller effect
size, and thus larger studies should be undertaken. However, in
pharmacogenomics, this is not an easy task because of the need to
identify patients treated with the same drug who have been accurately
phenotyped. Given the narrow therapeutic index of many anti-cancer
agents, and the wide range of toxicities which have been reported, this
is an area which needs further study to improve the benefit-risk ratio.
Although some successes in pharmacogenomics in relation to
chemotherapy have been reported (Pirmohamed, 2023), much
more work remains to be undertaken.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Frontiers in Pharmacology

12

10.3389/fphar.2023.1178421

Ethics statement

The studies involving human participants were reviewed and
approved by Research Ethics No: 09/H1005/28. The patients/
participants  provided their
participate in this study.

written informed consent to

Author contributions

All authors contributed to the conception and design of the
study. LMc was responsible for acquisition of data. LMc, DC and MP
drafted the paper; All authors contributed to the article and
approved the submitted version.

Funding

The work was supported by the MRC Centre for Drug Safety
Science. We wish to thank the MRC Centre for Drug Safety Science
for support (Grant Number: MR/L006758/1).

Acknowledgments

We also wish to thank all the clinicians and hospitals that
were involved in the recruitment of the patient group. Most
importantly, we would like to that the patients who consented to
be involved in our study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1178421/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1178421/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1178421/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1178421

McEvoy et al.

References

Abubaker, S. A., Alonazy, A. M., and Abdulrahman, A. (2022). Effect of alpha-lipoic
acid in the treatment of diabetic neuropathy: A systematic review. Cureus 14, €25750.
doi:10.7759/cureus.25750

Aithal, G. P., Watkins, P. B,, Andrade, R. J., Larrey, D., Molokhia, M., Takikawa, H.,
et al. (2011). Case definition and phenotype standardization in drug-induced liver
injury. Clin. Pharmacol. Ther. 89, 806-815. doi:10.1038/clpt.2011.58

Alfirevic, A., Neely, D., Armitage, J., Chinoy, H., Cooper, R. G., Laaksonen, R., et al.
(2014). Phenotype standardization for statin-induced myotoxicity. Clin. Pharmacol.
Ther. 96, 470-476. doi:10.1038/clpt.2014.121

Anoushirvani, A. A, Poorsaadat, L., Aghabozorgi, R, and Kasravi, M. (2018).
Comparison of the effects of omega 3 and vitamin E on palcitaxel-induced peripheral
neuropathy. Open Access Maced. J. Med. Sci. 6, 1857-1861. doi:10.3889/0amjms.2018.333

Apellaniz-Ruiz, M., Lee, M. Y., Sanchez-Barroso, L., Gutierrez-Gutierrez, G., Calvo, I,
Garcia-Estevez, L., et al. (2015). Whole-exome sequencing reveals defective
CYP3A4 variants predictive of paclitaxel dose-limiting neuropathy. Clin. Cancer Res.
21, 322-328. doi:10.1158/1078-0432.CCR-14-1758

Argyriou, A. A, Koltzenburg, M., Polychronopoulos, P., Papapetropoulos, S., and Kalofonos,
H. P. (2008). Peripheral nerve damage associated with administration of taxanes in patients
with cancer. Crit. Rev. Oncol. Hematol. 66, 218-228. doi:10.1016/j.critrevonc.2008.01.008

Argyriou, A. A., Kyritsis, A. P., Makatsoris, T., and Kalofonos, H. P. (2014).
Chemotherapy-induced peripheral neuropathy in adults: A comprehensive update of
the literature. Cancer Manag. Res. 6, 135-147. doi:10.2147/CMAR.544261

Bandos, H., Melnikow, J., Rivera, D. R., Swain, S. M., Sturtz, K., Fehrenbacher, L., et al.
(2018). Long-term peripheral neuropathy in breast cancer patients treated with
adjuvant chemotherapy: NRG oncology/NSABP B-30. J. Natl. Cancer Inst. 110,
djx162. doi:10.1093/jnci/djx162

Bao, T., Basal, C,, Seluzicki, C., Li, S. Q., Seidman, A. D., and Mao, J. J. (2016). Long-
term chemotherapy-induced peripheral neuropathy among breast cancer survivors:
Prevalence, risk factors, and fall risk. Breast Cancer Res. Treat. 159, 327-333. doi:10.
1007/510549-016-3939-0

Barginear, M., Dueck, A. C,, Allred, J. B,, Bunnell, C,, Cohen, H. ], Freedman, R. A,, et al.
(2019). Age and the risk of paclitaxel-induced neuropathy in women with early-stage
breast cancer (alliance A151411): Results from 1,881 patients from cancer and leukemia
group B (CALGB) 40101. Oncologist 24, 617-623. doi:10.1634/theoncologist.2018-0298

Behr, E. R, January, C., Schulze-Bahr, E., Grace, A. A., Kdib, S., Fiszman, M., et al.
(2012). The International Serious Adverse Events Consortium (iSAEC) phenotype
standardization project for drug-induced torsades de pointes. Eur. Heart J. 34,
1958-1963. doi:10.1093/eurheartj/ehs172

Bergmann, T. K., Brasch-Andersen, C., Gréen, H., Mirza, M. R,, Skougaard, K., Wihl,
J, et al. (2012). Impact of ABCBl variants on neutrophil depression: A
pharmacogenomic study of paclitaxel in 92 women with ovarian cancer. Basic Clin.
Pharmacol. Toxicol. 110, 199-204. doi:10.1111/j.1742-7843.2011.00802.x

Beutler, A. S., Majithia, N, and Loprinzi, C. L. (2017). The past and future of reported
outcomes’ in studies on chemotherapy neuropathy. Ann. Oncol. 28, 2631-2632. doi:10.
1093/annonc/mdx520

Bhatnagar, B., Gilmore, S., Goloubeva, O., Pelser, C., Medeiros, M., Chumsri, S., et al.
(2014). Chemotherapy dose reduction due to chemotherapy induced peripheral neuropathy
in breast cancer patients receiving chemotherapy in the neoadjuvant or adjuvant settings: A
single-center experience. Springerplus 3, 366. doi:10.1186/2193-1801-3-366

Boso, V., Herrero, M. J., Santaballa, A., Palomar, L., Megias, J. E., De La Cueva, H.,
et al. (2014). SNPs and taxane toxicity in breast cancer patients. Pharmacogenomics 15,
1845-1858. doi:10.2217/pgs.14.127

Boulanger, J., Boursiquot, J. N., Cournoyer, G., Lemieux, J., Masse, M. S., Almanric, K,, et al.
(2014). Management of hypersensitivity to platinum- and taxane-based chemotherapy: Cepo
review and clinical recommendations. Curr. Oncol. 21, e630-e641. doi:10.3747/c0.21.1966

Carr, D. F., Ayehunie, S., Davies, A., Duckworth, C. A,, French, S., Hall, N,, et al. (2017).
Towards better models and mechanistic biomarkers for drug-induced gastrointestinal
injury. Pharmacol. Ther. 172, 181-194. doi:10.1016/j.pharmthera.2017.01.002

Castelli, V., Palumbo, P., D’Angelo, M., Moorthy, N. K., Antonosante, A., Catanesi,
M., et al. (2018). Probiotic DSF counteracts chemotherapy induced neuropathic pain.
Oncotarget 9, 27998-28008. doi:10.18632/oncotarget.25524

Cavaletti, G., Frigeni, B., Lanzani, F., Mattavelli, L., Susani, E., Alberti, P., et al. (2010).
Chemotherapy-induced peripheral neurotoxicity assessment: A critical revision of the
currently available tools. Eur. J. Cancer 46, 479-494. doi:10.1016/j.ejca.2009.12.008

Cella, D., Peterman, A., Hudgens, S., Webster, K., and Socinski, M. A. (2003).
Measuring the side effects of taxane therapy in oncology: The functional assesment
of cancer therapy-taxane (FACT-taxane). Cancer 98, 822-831. doi:10.1002/cncr.11578

Chaudhry, V., Rowinsky, E. K,, Sartorius, S. E., Donehower, R. C,, and Cornblath, D. R.
(1994). Peripheral neuropathy from taxol and cisplatin combination chemotherapy: Clinical
and electrophysiological studies. Ann. Neurol. 35, 304-311. doi:10.1002/ana.410350310

Chen, J., Shan, H., Yang, W., Zhang, J., Dai, H., and Ye, Z. (2021). Vitamin E for the
prevention of chemotherapy-induced peripheral neuropathy: A meta-analysis. Front.
Pharmacol. 12, 684550. doi:10.3389/fphar.2021.684550

Frontiers in Pharmacology

13

10.3389/fphar.2023.1178421

Chow, E., Nguyen, J., Zhang, L., Tseng, L. M., Hou, M. F,, Fairchild, A,, et al. (2012).
International field testing of the reliability and validity of the EORTC QLQ-BM22
module to assess health-related quality of life in patients with bone metastases. Cancer
118, 1457-1465. doi:10.1002/cncr.26410

Chung, K. H,, Park, S. B., Streckmann, F., Wiskemann, J., Mohile, N., Kleckner, A. S.,
et al. (2022). Mechanisms, mediators, and moderators of the effects of exercise on
chemotherapy-induced peripheral neuropathy. Cancers (Basel) 14, 1224. doi:10.3390/
cancers14051224

Ciruelos, E., Apellaniz-Ruiz, M., Cantos, B., Martinez-Jaiez, N., Bueno-Muiio, C.,
Echarri, M. J,, et al. (2019). A pilot, phase II, randomized, open-label clinical trial
comparing the neurotoxicity of three dose regimens of nab-paclitaxel to that of solvent-
based paclitaxel as the first-line treatment for patients with human epidermal growth
factor receptor type 2-negative metastatic breast cancer. Oncologist 24, €1024-e1033.
doi:10.1634/theoncologist.2017-0664

Cliff, J., Jorgensen, A. L., Lord, R., Azam, F., Cossar, L., Carr, D. F,, et al. (2017). The
molecular genetics of chemotherapy-induced peripheral neuropathy: A systematic
review and meta-analysis. Crit. Rev. Oncol. Hematol. 120, 127-140. doi:10.1016/j.
critrevonc.2017.09.009

Colvin, L. A. (2019). Chemotherapy-induced peripheral neuropathy: Where are we
now? Pain 160 (Suppl. 1), S1-s10. doi:10.1097/j.pain.0000000000001540

Daniels, J. A., Gibson, M. K., Xu, L., Sun, S., Canto, M. 1., Heath, E., et al. (2008).
Gastrointestinal tract epithelial changes associated with taxanes: Marker of drug toxicity
versus effect. Am. J. Surg. Pathol. 32, 473-477. doi:10.1097/PAS.0b013e3181582331

De Graan, A. ., Elens, L., Sprowl, J. A., Sparreboom, A., Friberg, L. E., van der Holt, B.,
et al. (2013). CYP3A4*22 genotype and systemic exposure affect paclitaxel-induced
neurotoxicity. Clin. Cancer Res. 19, 3316-3324. doi:10.1158/1078-0432.CCR-12-3786

De Jonge, H., Elens, L., De Loor, H., van Schaik, R. H., and Kuypers, D. R. (2015). The
CYP3A4*22 C>T single nucleotide polymorphism is associated with reduced
midazolam and tacrolimus clearance in stable renal allograft recipients.
Pharmacogenomics J. 15, 144-152. doi:10.1038/tpj.2014.49

De La Morena Barrio, P., Conesa, M., Gonzélez-Billalabeitia, E., Urrego, E., Garcia-
Garre, E., Garcia-Martinez, E., et al. (2015). Delayed recovery and increased severity of
Paclitaxel-induced peripheral neuropathy in patients with diabetes. J. Natl. Compr. Canc
Netw. 13, 417-423. doi:10.6004/jnccn.2015.0057

Derman, B. A., and Davis, A. M. (2021). Recommendations for prevention and
management of chemotherapy-induced peripheral neuropathy. JAMA 326, 1058-1059.
doi:10.1001/jama.2021.7458

Di Francia, R., Atripaldi, L., Di Martino, S., Fierro, C., Muto, T., Crispo, A., et al.
(2017). Assessment of pharmacogenomic panel assay for prediction of taxane toxicities:
Preliminary results. Front. Pharmacol. 8, 797. doi:10.3389/fphar.2017.00797

Di Stefano, G., Di Lionardo, A., Galosi, E., Truini, A., and Cruccu, G. (2019). Acetyl-
L-carnitine in painful peripheral neuropathy: A systematic review. J. Pain Res. 12,
1341-1351. doi:10.2147/JPR.S190231

Eckhoff, L., Feddersen, S., Knoop, A. S., Ewertz, M., and Bergmann, T. K. (2015a).
Docetaxel-induced neuropathy: A pharmacogenetic case-control study of 150 women
with early-stage breast cancer. Acta Oncol. 54, 530-537. d0i:10.3109/0284186X.2014.
969846

Eckhoff, L., Knoop, A., Jensen, M. B., and Ewertz, M. (2015b). Persistence of
docetaxel-induced neuropathy and impact on quality of life among breast cancer
survivors. Eur. J. Cancer 51, 292-300. doi:10.1016/j.ejca.2014.11.024

Elens, L., Becker, M. L., Haufroid, V., Hofman, A., Visser, L. E., Uitterlinden, A. G.,
et al. (2011a). Novel CYP3A4 intron 6 single nucleotide polymorphism is associated
with simvastatin-mediated cholesterol reduction in the Rotterdam Study.
Pharmacogenet Genomics 21, 861-866. doi:10.1097/FPC.0b013e32834c6edb

Elens, L., Bouamar, R., Hesselink, D. A., Haufroid, V., van der Heiden, 1. P., van
Gelder, T., et al. (2011b). A new functional CYP3A4 intron 6 polymorphism
significantly affects tacrolimus pharmacokinetics in kidney transplant recipients.
Clin. Chem. 57, 1574-1583. d0i:10.1373/clinchem.2011.165613

Elens, L., van Schaik, R. H., Panin, N., De Meyer, M., Wallemacq, P., Lison, D., et al.
(2011c). Effect of a new functional CYP3A4 polymorphism on calcineurin inhibitors’
dose requirements and trough blood levels in stable renal transplant patients.
Pharmacogenomics 12, 1383-1396. doi:10.2217/pgs.11.90

Elens, L., Bouamar, R., Hesselink, D. A., Haufroid, V., van Gelder, T., and van Schaik,
R. H. (2012). The new CYP3A4 intron 6 C>T polymorphism (CYP3A4*22) is associated
with an increased risk of delayed graft function and worse renal function in
cyclosporine-treated kidney transplant patients. Pharmacogenet Genomics 22,
373-380. doi:10.1097/FPC.0b013e328351f3c1

Elens, L., Capron, A, van Schaik, R. H., De Meyer, M., De Pauw, L., Eddour, D. C,,
et al. (2013a). Impact of CYP3A4*22 allele on tacrolimus pharmacokinetics in early
period after renal transplantation: Toward updated genotype-based dosage guidelines.
Ther. Drug Monit. 35, 608-616. doi:10.1097/FTD.0b013e318296045b

Elens, L., Gelder, T. V., Hesselink, D. A., Haufroid, V., and Schaik, R. H. V. (2013b).
CYP3A4*22: Promising newly identified CYP3A4 variant allele for personalizing
pharmacotherapy. Pharmacogenomics 14, 47-62. doi:10.2217/pgs.12.187

frontiersin.org


https://doi.org/10.7759/cureus.25750
https://doi.org/10.1038/clpt.2011.58
https://doi.org/10.1038/clpt.2014.121
https://doi.org/10.3889/oamjms.2018.333
https://doi.org/10.1158/1078-0432.CCR-14-1758
https://doi.org/10.1016/j.critrevonc.2008.01.008
https://doi.org/10.2147/CMAR.S44261
https://doi.org/10.1093/jnci/djx162
https://doi.org/10.1007/s10549-016-3939-0
https://doi.org/10.1007/s10549-016-3939-0
https://doi.org/10.1634/theoncologist.2018-0298
https://doi.org/10.1093/eurheartj/ehs172
https://doi.org/10.1111/j.1742-7843.2011.00802.x
https://doi.org/10.1093/annonc/mdx520
https://doi.org/10.1093/annonc/mdx520
https://doi.org/10.1186/2193-1801-3-366
https://doi.org/10.2217/pgs.14.127
https://doi.org/10.3747/co.21.1966
https://doi.org/10.1016/j.pharmthera.2017.01.002
https://doi.org/10.18632/oncotarget.25524
https://doi.org/10.1016/j.ejca.2009.12.008
https://doi.org/10.1002/cncr.11578
https://doi.org/10.1002/ana.410350310
https://doi.org/10.3389/fphar.2021.684550
https://doi.org/10.1002/cncr.26410
https://doi.org/10.3390/cancers14051224
https://doi.org/10.3390/cancers14051224
https://doi.org/10.1634/theoncologist.2017-0664
https://doi.org/10.1016/j.critrevonc.2017.09.009
https://doi.org/10.1016/j.critrevonc.2017.09.009
https://doi.org/10.1097/j.pain.0000000000001540
https://doi.org/10.1097/PAS.0b013e3181582331
https://doi.org/10.1158/1078-0432.CCR-12-3786
https://doi.org/10.1038/tpj.2014.49
https://doi.org/10.6004/jnccn.2015.0057
https://doi.org/10.1001/jama.2021.7458
https://doi.org/10.3389/fphar.2017.00797
https://doi.org/10.2147/JPR.S190231
https://doi.org/10.3109/0284186X.2014.969846
https://doi.org/10.3109/0284186X.2014.969846
https://doi.org/10.1016/j.ejca.2014.11.024
https://doi.org/10.1097/FPC.0b013e32834c6edb
https://doi.org/10.1373/clinchem.2011.165613
https://doi.org/10.2217/pgs.11.90
https://doi.org/10.1097/FPC.0b013e328351f3c1
https://doi.org/10.1097/FTD.0b013e318296045b
https://doi.org/10.2217/pgs.12.187
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1178421

McEvoy et al.

Engels, F. K., Ten Tije, A. J., Baker, S. D., Lee, C. K., Loos, W. ], Vulto, A. G,, et al.
(2004). Effect of cytochrome P450 3A4 inhibition on the pharmacokinetics of docetaxel.
Clin. Pharmacol. Ther. 75, 448-454. doi:10.1016/j.clpt.2004.01.001

Fernandes, R., Mazzarello, S., Hutton, B., Shorr, R., Majeed, H., Ibrahim, M. F., et al.
(2016). Taxane acute pain syndrome (TAPS) in patients receiving taxane-based
chemotherapy for breast cancer-a systematic review. Support Care Cancer 24,
3633-3650. doi:10.1007/s00520-016-3256-5

Frederiks, C. N., Lam, S. W., Guchelaar, H. J., and Boven, E. (2015). Genetic
polymorphisms and paclitaxel- or docetaxel-induced toxicities: A systematic review.
Cancer Treat. Rev. 41, 935-950. doi:10.1016/j.ctrv.2015.10.010

Freilich, R. ], Balmaceda, C., Seidman, A. D., Rubin, M., and Deangelis, L. M. (1996). Motor
neuropathy due to docetaxel and paclitaxel. Neurology 47, 115-118. doi:10.1212/wnl.47.1.115

Frigeni, B., Piatti, M., Lanzani, F., Alberti, P., Villa, P., Zanna, C,, et al. (2011).
Chemotherapy-induced peripheral neurotoxicity can be misdiagnosed by the National
Cancer Institute Common Toxicity scale. J. Peripher Nerv. Syst. 16, 228-236. doi:10.
1111/§.1529-8027.2011.00351.x

Grisold, W., Cavaletti, G., and Windebank, A.J. (2012). Peripheral neuropathies from
chemotherapeutics and targeted agents: Diagnosis, treatment, and prevention. Neuro
Oncol. 14 (Suppl. 4), iv45-54. doi:10.1093/neuonc/nos203

Hausheer, F. H., Schilsky, R. L., Bain, S., Berghorn, E. J,, and Lieberman, F. (2006).
Diagnosis, management, and evaluation of chemotherapy-induced peripheral
neuropathy. Semin. Oncol. 33, 15-49. doi:10.1053/j.seminoncol.2005.12.010

Hershman, D. L., Till, C., Wright, J. D., Awad, D., Ramsey, S. D., Barlow, W. E., et al.
(2016). Comorbidities and risk of chemotherapy-induced peripheral neuropathy among
participants 65 Years or older in southwest oncology group clinical trials. J. Clin. Oncol.
34, 3014-3022. doi:10.1200/JCO.2015.66.2346

Hertz, D. L., Motsinger-Reif, A. A., Drobish, A., Winham, S. J., Mcleod, H. L., Carey,
L. A, et al. (2012). CYP2C8*3 predicts benefit/risk profile in breast cancer patients
receiving neoadjuvant paclitaxel. Breast Cancer Res. Treat. 134, 401-410. doi:10.1007/
510549-012-2054-0

Hertz, D. L. (2013). Germline pharmacogenetics of paclitaxel for cancer treatment.
Pharmacogenomics 14, 1065-1084. doi:10.2217/pgs.13.90

Hile, E. S., Fitzgerald, G. K., and Studenski, S. A. (2010). Persistent mobility
disability after neurotoxic chemotherapy. Phys. Ther. 90, 1649-1657. doi:10.2522/pt;.
20090405

Hiramoto, S., Asano, H., Miyamoto, T., Takegami, M., and Kawabata, A. (2022). Risk
factors and pharmacotherapy for chemotherapy-induced peripheral neuropathy in
paclitaxel-treated female cancer survivors: A retrospective study in Japan. PLOS ONE
16, €0261473. doi:10.1371/journal.pone.0261473

Hu, L, Lv, Q. L, Guo, Y., Cheng, L., Wu, N. Y,, Qin, C. Z,, et al. (2016). Genetic
variation of CYP3A5 influences paclitaxel/carboplatin-induced toxicity in Chinese
epithelial ovarian cancer patients. J. Clin. Pharmacol. 56, 349-354. doi:10.1002/jcph.587

Ibrahim, E. Y., and Ehrlich, B. E. (2020). Prevention of chemotherapy-induced
peripheral neuropathy: A review of recent findings. Crit. Rev. Oncol. Hematol. 145,
102831. doi:10.1016/j.critrevonc.2019.102831

Jabir, R. S, Naidu, R., Annuar, M. A,, Ho, G. F,, Munisamy, M., and Stanslas, J. (2012).
Pharmacogenetics of taxanes: Impact of gene polymorphisms of drug transporters on
pharmacokinetics and toxicity. Pharmacogenomics 13, 1979-1988. doi:10.2217/pgs.12.165

Jimenez, P., Pathak, A., and Phan, A. T. (2011). The role of taxanes in the
management of gastroesphageal cancer. J. Gastrointest. Oncol. 2, 240-249. doi:10.
3978/j.issn.2078-6891.2011.027

Johnson, C., Pankratz, V. S., Velazquez, A. I, Aakre, J. A., Loprinzi, C. L., Staff, N. P.,
et al. (2015). Candidate pathway-based genetic association study of platinum and
platinum-taxane related toxicity in a cohort of primary lung cancer patients. J. Neurol.
Sci. 349, 124-128. d0i:10.1016/j.jns.2014.12.041

Kanda, K., Fujimoto, K., Mochizuki, R., Ishida, K., and Lee, B. (2019). Development and
validation of the comprehensive assessment scale for chemotherapy-induced peripheral
neuropathy in survivors of cancer. BMC Cancer 19, 904. doi:10.1186/512885-019-6113-3

Kleckner, I. R., Kamen, C., Gewandter, J. S., Mohile, N. A., Heckler, C. E., Culakova,
E., et al. (2018). Effects of exercise during chemotherapy on chemotherapy-induced
peripheral neuropathy: A multicenter, randomized controlled trial. Support Care Cancer
26, 1019-1028. doi:10.1007/s00520-017-4013-0

Kudlowitz, D., and Muggia, F. (2013). Defining risks of taxane neuropathy: Insights
from randomized clinical trials. Clin. Cancer Res. 19, 4570-4577. doi:10.1158/1078-
0432.CCR-13-0572

Lambrechts, S., Lambrechts, D., Despierre, E., van Nieuwenhuysen, E., Smeets, D.,
Debruyne, P. R, et al. (2015). Genetic variability in drug transport, metabolism or DNA
repair affecting toxicity of chemotherapy in ovarian cancer. BMC Pharmacol. Toxicol.
16, 2. doi:10.1186/s40360-015-0001-5

Lavoie Smith, E. M., Cohen, J. A,, Pett, M. A,, and Beck, S. L. (2011). The validity of
neuropathy and neuropathic pain measures in patients with cancer receiving taxanes
and platinums. Oncol. Nurs. Forum 38, 133-142. doi:10.1188/11.0ONF.133-142

Lee, J. J., and Swain, S. M. (2006). Peripheral neuropathy induced by microtubule-
stabﬂizing agents. J. Clin. Oncol. 24, 1633-1642. doi:10.1200/]C0O.2005.04.0543

Frontiers in Pharmacology

14

10.3389/fphar.2023.1178421

Le-Rademacher, J., Kanwar, R,, Seisler, D., Pachman, D. R,, Qin, R,, Abyzov, A,, et al.
(2017). Patient-reported (EORTC QLQ-CIPN20) versus physician-reported (CTCAE)
quantification of oxaliplatin- and paclitaxel/carboplatin-induced peripheral neuropathy
in NCCTG/Alliance clinical trials. Support Care Cancer 25, 3537-3544. doi:10.1007/
500520-017-3780-y

Leskels, S., Jara, C., Leandro-Garcia, L. J., Martinez, A., Garcia-Donas, J., Hernando,
S., etal. (2011). Polymorphisms in cytochromes P450 2C8 and 3A5 are associated with
paclitaxel neurotoxicity. Pharmacogenomics J. 11, 121-129. doi:10.1038/tpj.2010.13

Li, T,, Timmins, H. C,, King, T, Kiernan, M. C., Goldstein, D., and Park, S. B. (2020).
Characteristics and risk factors of bortezomib induced peripheral neuropathy: A
systematic review of phase III trials. Hematol. Oncol. 38, 229-243. doi:10.1002/hon.2706

Liu, Y., Hiramoto, B., Kwok, J., Ibrahim, A., Tatishchev, S., Kang, I, et al. (2021).
Taxane-induced upper gastrointestinal bleeding. Case Rep. Oncol. 14, 1373-1379.
doi:10.1159/000517818

Loprinzi, C. L., Maddocks-Christianson, K., Wolf, S. L., Rao, R. D., Dyck, P. J., Mantyh,
P., et al. (2007). The paclitaxel acute pain syndrome: Sensitization of nociceptors as the
putative mechanism. Cancer J. 13, 399-403. doi:10.1097/PPO.0b013e31815a999b

Loprinzi, C. L., Reeves, B. N., Dakhil, S. R., Sloan, J. A., Wolf, S. L., Burger, K. N, et al.
(2011). Natural history of paclitaxel-associated acute pain syndrome: Prospective cohort
study NCCTG NO8CI. J. Clin. Oncol. 29, 1472-1478. doi:10.1200/JC0O.2010.33.0308

Majithia, N., Temkin, S. M., Ruddy, K. J., Beutler, A. S., Hershman, D. L., and
Loprinzi, C. L. (2016). National cancer institute-supported chemotherapy-induced
peripheral neuropathy trials: Outcomes and lessons. Support Care Cancer 24,
1439-1447. doi:10.1007/s00520-015-3063-4

Marcath, L. A., Kidwell, K. M., Robinson, A. C., Vangipuram, K., Burness, M. L.,
Griggs, J. J., et al. (2019). Patients carrying CYP2C8*3 have shorter systemic paclitaxel
exposure. Pharmacogenomics 20, 95-104. doi:10.2217/pgs-2018-0162

Markman, M. (2003). Managing taxane toxicities. Support Care Cancer 11, 144-147.
doi:10.1007/500520-002-0405-9

Masnoon, N., Shakib, S., Kalisch-Ellett, L., and Caughey, G. E. (2017). What is
polypharmacy? A systematic review of definitions. BMC Geriatr. 17, 230. doi:10.1186/
s12877-017-0621-2

Mccrary, J. M., Goldstein, D., Boyle, F., Cox, K., Grimison, P., Kiernan, M. C,, et al.
(2017). Optimal clinical assessment strategies for chemotherapy-induced peripheral
neuropathy (CIPN): A systematic review and delphi survey. Support Care Cancer 25,
3485-3493. doi:10.1007/s00520-017-3772-y

Miaskowski, C., Paul, S. M., Mastick, J., Abrams, G., Topp, K., Smoot, B., et al. (2018).
Associations between perceived stress and chemotherapy-induced peripheral
neuropathy and otoxicity in adult cancer survivors. . Pain Symptom Manage 56,
88-97. doi:10.1016/j.jpainsymman.2018.02.021

Michael, M., Cullinane, C., Hatzimihalis, A., O’Kane, C., Milner, A. D., Booth, R,, et al.
(2011). Docetaxel pharmacokinetics and its correlation with two in vivo probes for
cytochrome P450 enzymes: The Cl4-erythromycin breath test and the antipyrine
clearance test. Cancer Chemother. Pharmacol. 69, 125-135. doi:10.1007/s00280-011-1676-y

Mills, M. C,, and Rahal, C. (2020). The GWAS Diversity Monitor tracks diversity by
disease in real time. Nat. Genet. 52, 242-243. doi:10.1038/s41588-020-0580-y

Miltenburg, N. C., and Boogerd, W. (2014). Chemotherapy-induced neuropathy: A
comprehensive survey. Cancer Treat. Rev. 40, 872-882. doi:10.1016/j.ctrv.2014.04.004

Misiukiewicz, K., Gupta, V., Bakst, R., and Posner, M. (2014). Taxanes in cancer of the
head and neck. Anticancer Drugs 25, 561-570. doi:10.1097/CAD.0000000000000086

Mo, H,, Yan, X,, Zhao, F., Teng, Y., Sun, X, Lv, Z,, et al. (2022). Association of taxane type
with patient-reported chemotherapy-induced peripheral neuropathy among patients with
breast cancer. JAMA Netw. Open 5, €2239788. doi:10.1001/jamanetworkopen.2022.39788

Molassiotis, A., Cheng, H. L., Leung, K. T,, Li, Y. C,, Wong, K. H,, Au, J. S. K,, et al.
(2019). Risk factors for chemotherapy-induced peripheral neuropathy in patients receiving
taxane- and platinum-based chemotherapy. Brain Behav. 9,e01312. doi:10.1002/brb3.1312

Mols, F.,, van De Poll-Franse, L. V., Vreugdenhil, G., Beijers, A. J., Kieffer, J. M.,
Aaronson, N. K,, et al. (2016). Reference data of the European organisation for research
and treatment of cancer (EORTC) QLQ-CIPN20 questionnaire in the general Dutch
population. Eur. J. Cancer 69, 28-38. doi:10.1016/j.ejca.2016.09.020

Mulder, T. A. M., van Eerden, R. A. G., De With, M., Elens, L., Hesselink, D. A., Matic,
M., et al. (2021). CYP3A4(*)22 genotyping in clinical practice: Ready for
implementation? Front. Genet. 12, 711943. doi:10.3389/fgene.2021.711943

Miiller, J., Weiler, M., Schneeweiss, A., Haag, G. M., Steindorf, K., Wick, W., et al.
(2021). Preventive effect of sensorimotor exercise and resistance training on
chemotherapy-induced peripheral neuropathy: A randomised-controlled trial. Br.
J. Cancer 125, 955-965. doi:10.1038/s41416-021-01471-1

National Cancer Institute (2010). Common Terminology criteria for adverse events
(CTCAE) v4.0. Available at: https://ctep.cancer.gov/protocoldevelopment/electronic_
applications/ctc.htm#ctc_40.

Nicoletti, P., Carr, D. F,, Barrett, S., Mcevoy, L., Friedmann, P. S., Shear, N. H,, et al.
(2021). Beta-lactam-induced immediate hypersensitivity reactions: A genome-wide
association study of a deeply phenotyped cohort. J. Allergy Clin. Immunol. 147,
1830-1837.e15. doi:10.1016/j.jaci.2020.10.004

frontiersin.org


https://doi.org/10.1016/j.clpt.2004.01.001
https://doi.org/10.1007/s00520-016-3256-5
https://doi.org/10.1016/j.ctrv.2015.10.010
https://doi.org/10.1212/wnl.47.1.115
https://doi.org/10.1111/j.1529-8027.2011.00351.x
https://doi.org/10.1111/j.1529-8027.2011.00351.x
https://doi.org/10.1093/neuonc/nos203
https://doi.org/10.1053/j.seminoncol.2005.12.010
https://doi.org/10.1200/JCO.2015.66.2346
https://doi.org/10.1007/s10549-012-2054-0
https://doi.org/10.1007/s10549-012-2054-0
https://doi.org/10.2217/pgs.13.90
https://doi.org/10.2522/ptj.20090405
https://doi.org/10.2522/ptj.20090405
https://doi.org/10.1371/journal.pone.0261473
https://doi.org/10.1002/jcph.587
https://doi.org/10.1016/j.critrevonc.2019.102831
https://doi.org/10.2217/pgs.12.165
https://doi.org/10.3978/j.issn.2078-6891.2011.027
https://doi.org/10.3978/j.issn.2078-6891.2011.027
https://doi.org/10.1016/j.jns.2014.12.041
https://doi.org/10.1186/s12885-019-6113-3
https://doi.org/10.1007/s00520-017-4013-0
https://doi.org/10.1158/1078-0432.CCR-13-0572
https://doi.org/10.1158/1078-0432.CCR-13-0572
https://doi.org/10.1186/s40360-015-0001-5
https://doi.org/10.1188/11.ONF.133-142
https://doi.org/10.1200/JCO.2005.04.0543
https://doi.org/10.1007/s00520-017-3780-y
https://doi.org/10.1007/s00520-017-3780-y
https://doi.org/10.1038/tpj.2010.13
https://doi.org/10.1002/hon.2706
https://doi.org/10.1159/000517818
https://doi.org/10.1097/PPO.0b013e31815a999b
https://doi.org/10.1200/JCO.2010.33.0308
https://doi.org/10.1007/s00520-015-3063-4
https://doi.org/10.2217/pgs-2018-0162
https://doi.org/10.1007/s00520-002-0405-9
https://doi.org/10.1186/s12877-017-0621-2
https://doi.org/10.1186/s12877-017-0621-2
https://doi.org/10.1007/s00520-017-3772-y
https://doi.org/10.1016/j.jpainsymman.2018.02.021
https://doi.org/10.1007/s00280-011-1676-y
https://doi.org/10.1038/s41588-020-0580-y
https://doi.org/10.1016/j.ctrv.2014.04.004
https://doi.org/10.1097/CAD.0000000000000086
https://doi.org/10.1001/jamanetworkopen.2022.39788
https://doi.org/10.1002/brb3.1312
https://doi.org/10.1016/j.ejca.2016.09.020
https://doi.org/10.3389/fgene.2021.711943
https://doi.org/10.1038/s41416-021-01471-1
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_40
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm#ctc_40
https://doi.org/10.1016/j.jaci.2020.10.004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1178421

McEvoy et al.

Osmani, K., Vignes, S., Aissi, M., Wade, F., Milani, P., Lévy, B. I, et al. (2012). Taxane-
induced peripheral neuropathy has good long-term prognosis: A 1- to 13-year
evaluation. J. Neurol. 259, 1936-1943. doi:10.1007/s00415-012-6442-5

Ottaiano, A., Nappi, A., Tafuto, S., Nasti, G., De Divitiis, C., Romano, C., et al. (2016).
Diabetes and body mass index are associated with neuropathy and prognosis in colon
cancer patients treated with capecitabine and oxaliplatin adjuvant chemotherapy.
Oncology 90, 36-42. doi:10.1159/000442527

Pachman, D. R,, Barton, D. L, Watson, J. C, and Loprinzi, C. L. (2011).
Chemotherapy-induced peripheral neuropathy: Prevention and treatment. Clin.
Pharmacol. Ther. 90, 377-387. doi:10.1038/clpt.2011.115

Page, M. J., Mckenzie, J. E., Bossuyt, P. M., Boutron, L., Hoffmann, T. C., Mulrow, C.
D, et al. (2021). The PRISMA 2020 statement: An updated guideline for reporting
systematic reviews. Bmj 372, 790-799. doi:10.1016/j.rec.2021.07.010

Picard, M., and Castells, M. C. (2015). Re-Visiting hypersensitivity reactions to
taxanes: A comprehensive review. Clin. Rev. Allergy & Immunol. 49, 177-191. doi:10.
1007/512016-014-8416-0

Pirmohamed, M., Friedmann, P. S., Molokhia, M., Loke, Y. K., Smith, C., Phillips, E.,
et al. (2011). Phenotype standardization for immune-mediated drug-induced skin
injury. Clin. Pharmacol. Ther. 89, 896-901. doi:10.1038/clpt.2011.79

Pirmohamed, M. (2023). Pharmacogenomics: Current status and future perspectives.
Nat. Rev. Genet. 24, 350-362. doi:10.1038/s41576-022-00572-8

Powell, N. R,, Shugg, T., Ly, R. C., Albany, C., Radovich, M., Schneider, B. P., et al.
(2021). Life-threatening docetaxel toxicity in a patient with reduced-function CYP3A
variants: A case report. Front. Oncol. 11, 809527. doi:10.3389/fonc.2021.809527

Quasthoff, S., and Hartung, H. P. (2002). Chemotherapy-induced peripheral
neuropathy. J. Neurol. 249, 9-17. doi:10.1007/pl00007853

Rattanakrong, N., Siriphorn, A., and Boonyong, S. (2022). Incidence density and
factors associated with peripheral neuropathy among women with breast cancer during
taxane-based chemotherapy. Sci. Rep. 12, 10632. doi:10.1038/s41598-022-14870-y

Reeves, B. N,, Dakhil, S. R, Sloan, J. A., Wolf, S. L., Burger, K. N., Kamal, A,, et al.
(2012). Further data supporting that paclitaxel-associated acute pain syndrome is
associated with development of peripheral neuropathy: North Central Cancer
Treatment Group trial NO8C1. Cancer 118, 5171-5178. d0i:10.1002/cncr.27489

Review Manager (RevMan) [Computer program]. Version 5.4. (2020). The Cochrane
Collaboration.

Rodwin, R. L,, Siddiq, N. Z., Ehrlich, B. E., and Lustberg, M. B. (2022). Biomarkers of
chemotherapy-induced peripheral neuropathy: Current status and future directions.
Front. Pain Res. 3, 864910. doi:10.3389/fpain.2022.864910

Rossor, A. M., and Reilly, M. M. (2022). Blood biomarkers of peripheral neuropathy.
Acta Neurol. Scand. 146, 325-331. doi:10.1111/ane.13650

Samuels, N., and Ben-Arye, E. (2020). Integrative approaches to chemotherapy-induced
peripheral neuropathy. Curr. Oncol. Rep. 22, 23. doi:10.1007/s11912-020-0891-2

Sanchez Spitman, A. B., Moes, D., Gelderblom, H., Dezentje, V. O., Swen, J. J., and
Guchelaar, H. J. (2017). Effect of CYP3A4*22, CYP3A5*3, and CYP3A combined
genotypes on tamoxifen metabolism. Eur. J. Clin. Pharmacol. 73, 1589-1598. doi:10.
1007/s00228-017-2323-2

Sénchez-Barroso, L., Apellaniz-Ruiz, M., Gutiérrez-Gutiérrez, G., Santos, M., Rolddn-
Romero, J. M., Curras, M., et al. (2019). Concomitant medications and risk of
chemotherapy-induced peripheral neuropathy. Oncologist 24, e784-e792. doi:10.
1634/theoncologist.2018-0418

Scheibner, A., Remmel, R., Schladt, D., Oetting, W. S., Guan, W., Wu, B, et al. (2018).
Tacrolimus elimination in four patients with a CYP3A5*3/*3 CYP3A4*22/*22 genotype
combination. Pharmacotherapy 38, e46-e52. doi:10.1002/phar.2131

Schneider, B. P., Zhao, F., Wang, M., Stearns, V., Martino, S., Jones, V., et al. (2012).
Neuropathy is not associated with clinical outcomes in patients receiving adjuvant
taxane-containing therapy for operable breast cancer. J. Clin. Oncol. 30, 3051-3057.
doi:10.1200/JC0O.2011.39.8446

Schneider, B. P., Li, L., Radovich, M., Shen, F., Miller, K. D., Flockhart, D. A., et al. (2015).
Genome-wide association studies for taxane-induced peripheral neuropathy in ECOG-5103
and ECOG-1199. Clin. Cancer Res. 21, 5082-5091. doi:10.1158/1078-0432.CCR-15-0586

Selvarajah, D., Kar, D., Khunti, K,, Davies, M. ], Scott, A. R,, Walker, J., et al. (2019).
Diabetic peripheral neuropathy: Advances in diagnosis and strategies for screening and early
intervention. Lancet Diabetes Endocrinol. 7, 938-948. doi:10.1016/S2213-8587(19)30081-6

Selvy, M., Kerckhove, N., Pereira, B., Barreau, F., Nguyen, D., Busserolles, J., et al.
(2021). Prevalence of chemotherapy-induced peripheral neuropathy in multiple
myeloma patients and its impact on quality of life: A single center cross-sectional
study. Front. Pharmacol. 12, 637593. doi:10.3389/fphar.2021.637593

Seretny, M., Currie, G. L., Sena, E. S., Ramnarine, S., Grant, R., Macleod, M. R,, et al.
(2014). Incidence, prevalence, and predictors of chemotherapy-induced peripheral
neuropathy: A systematic review and meta-analysis. Pain 155, 2461-2470. doi:10.
1016/j.pain.2014.09.020

Sharma, M. R,, Mehrotra, S., Gray, E., Wu, K,, Barry, W. T., Hudis, C, et al. (2020).
Personalized management of chemotherapy-induced peripheral neuropathy based on a
patient reported outcome: CALGB 40502 (alliance). J. Clin. Pharmacol. 60, 444-452.
doi:10.1002/jcph. 1559

Frontiers in Pharmacology

15

10.3389/fphar.2023.1178421

Shen, F., Jiang, G., Philips, S., Gardner, L., Xue, G., Cantor, E., et al. (2023).
Cytochrome P450 oxidoreductase, POR, associated with severe paclitaxel-induced
peripheral neuropathy in patients of European ancestry from ECOG-ACRIN E5103.
Clin. Cancer Res., OF1-OF7. doi:10.1158/1078-0432.CCR-22-2431

Shimozuma, K., Ohashi, Y., Takeuchi, A., Aranishi, T., Morita, S., Kuroi, K., et al.
(2012). Taxane-induced peripheral neuropathy and health-related quality of life in
postoperative breast cancer patients undergoing adjuvant chemotherapy: N-SAS BC 02,
a randomized clinical trial. Support. Care Cancer 20, 3355-3364. doi:10.1007/s00520-
012-1492-x

Shou, M., Martinet, M., Korzekwa, K. R., Krausz, K. W., Gonzalez, F. ]., and Gelboin,
H. V. (1998). Role of human cytochrome P450 3A4 and 3A5 in the metabolism of
taxotere and its derivatives: Enzyme specificity, interindividual distribution and
metabolic contribution in human liver. Pharmacogenetics 8 (5), 391-401. doi:10.
1097/00008571-199810000-00004

Sim, S., Bergh, J., Hellstrom, M., Hatschek, T., and Xie, H. (2018). Pharmacogenetic
impact of docetaxel on neoadjuvant treatment of breast cancer patients.
Pharmacogenomics 19, 1259-1268. doi:10.2217/pgs-2018-0080

Simon, N. B., Danso, M. A., Alberico, T. A., Basch, E., and Bennett, A. V. (2017). The
prevalence and pattern of chemotherapy-induced peripheral neuropathy among
women with breast cancer receiving care in a large community oncology practice.
Qual. Life Res. 26, 2763-2772. doi:10.1007/s11136-017-1635-0

Staff, N. P., Grisold, A., Grisold, W., and Windebank, A. J. (2017). Chemotherapy-
induced peripheral neuropathy: A current review. Ann. Neurol. 81, 772-781. doi:10.
1002/ana.24951

Staff, N. P., Cavaletti, G., Islam, B., Lustberg, M., Psimaras, D., and Tamburin, S.
(2019). Platinum-induced peripheral neurotoxicity: From pathogenesis to treatment.
J. Peripher Nerv. Syst. 24 (Suppl. 2), S26-s39. doi:10.1111/jns.12335

Starobova, H., and Vetter, I. (2017). Pathophysiology of chemotherapy-induced
peripheral neuropathy. Front. Mol. Neurosci. 10, 174. doi:10.3389/fnmol.2017.00174

Swen, J. J., van der Wouden, C. H., Manson, L. E., Abdullah-Koolmees, H.,
Blagec, K., Blagus, T, et al. (2023). A 12-gene pharmacogenetic panel to prevent
adverse drug reactions: An open-label, multicentre, controlled, cluster-randomised
crossover implementation study. Lancet 401, 347-356. doi:10.1016/S0140-
6736(22)01841-4

Tamburin, S., Park, S. B., Alberti, P., Demichelis, C., Schenone, A., and Argyriou,
A. A. (2019). Taxane and epothilone-induced peripheral neurotoxicity: From
pathogenesis to treatment. J. Peripher. Nerv. Syst. 24, S40-S51. doi:10.1111/jns.
12336

Tan, A. C., Mccrary, J. M., Park, S. B,, Trinh, T., and Goldstein, D. (2019).
Chemotherapy-induced  peripheral  neuropathy—Patient-reported  outcomes
compared with NCI-CTCAE grade. Support. Care Cancer 27, 4771-4777. doi:10.
1007/500520-019-04781-6

Tanabe, Y., Hashimoto, K., Shimizu, C., Hirakawa, A., Harano, K., Yunokawa, M.,
etal. (2013). Paclitaxel-induced peripheral neuropathy in patients receiving adjuvant
chemotherapy for breast cancer. Int. J. Clin. Oncol. 18, 132-138. d0i:10.1007/s10147-
011-0352-x

Tanabe, Y., Shimizu, C., Hamada, A., Hashimoto, K., Tkeda, K., Nishizawa, D., et al.
(2017). Paclitaxel-induced sensory peripheral neuropathy is associated with an
ABCB1 single nucleotide polymorphism and older age in Japanese. Cancer
Chemother. Pharmacol. 79, 1179-1186. do0i:10.1007/s00280-017-3314-9

Tofthagen, C., Mcallister, R. D., and Visovsky, C. (2013). Peripheral neuropathy
caused by paclitaxel and docetaxel: An evaluation and comparison of symptoms. J. Adv.
Pract. Oncol. 4, 204-215.

Turner, R. M., De Koning, E. M,, Fontana, V., Thompson, A., and Pirmohamed, M.
(2020). Multimorbidity, polypharmacy, and drug-drug-gene interactions following a
non-ST elevation acute coronary syndrome: Analysis of a multicentre observational
study. BMC Med. 18, 367. doi:10.1186/s12916-020-01827-z

Valentine, W. M. (2020). Toxic peripheral neuropathies: Agents and mechanisms.
Toxicol. Pathol. 48, 152-173. doi:10.1177/0192623319854326

van der Weide, K., and van der Weide, J. (2014). The influence of the
CYP3A4*22 polymorphism on serum concentration of quetiapine in psychiatric
patients. J. Clin. Psychopharmacol. 34, 256-260. doi:10.1097/JCP.0000000000000070

Velasco, R., and Bruna, J. (2015). Taxane-induced peripheral neurotoxicity. Toxics 3,
152-169. doi:10.3390/toxics3020152

Velasco-Gonzélez, R., and Coffeen, U. (2022). Neurophysiopathological aspects of
paclitaxel-induced peripheral neuropathy. Neurotox. Res. 40, 1673-1689. doi:10.1007/
512640-022-00582-8

Wang, Y., Wang, M., Qi, H,, Pan, P, Hou, T., Li, ], et al. (2014). Pathway-dependent
inhibition of paclitaxel hydroxylation by kinase inhibitors and assessment of drug-drug
interaction potentials. Drug Metab. Dispos. 42, 782-795. doi:10.1124/dmd.113.053793

Was, H., Borkowska, A., Bagues, A, Tu, L, Liu, J. Y. H, Lu, Z, et al. (2022).
Mechanisms of chemotherapy-induced neurotoxicity. Front. Pharmacol. 13, 750507.
doi:10.3389/fphar.2022.750507

Zajaczkowska, R., Kocot-Kepska, M., Leppert, W., Wrzosek, A., Mika, J., and
Wordliczek, J. (2019). Mechanisms of chemotherapy-induced peripheral neuropathy.
Int. J. Mol. Sci. 20, 1451. doi:10.3390/ijms20061451

frontiersin.org


https://doi.org/10.1007/s00415-012-6442-5
https://doi.org/10.1159/000442527
https://doi.org/10.1038/clpt.2011.115
https://doi.org/10.1016/j.rec.2021.07.010
https://doi.org/10.1007/s12016-014-8416-0
https://doi.org/10.1007/s12016-014-8416-0
https://doi.org/10.1038/clpt.2011.79
https://doi.org/10.1038/s41576-022-00572-8
https://doi.org/10.3389/fonc.2021.809527
https://doi.org/10.1007/pl00007853
https://doi.org/10.1038/s41598-022-14870-y
https://doi.org/10.1002/cncr.27489
https://doi.org/10.3389/fpain.2022.864910
https://doi.org/10.1111/ane.13650
https://doi.org/10.1007/s11912-020-0891-2
https://doi.org/10.1007/s00228-017-2323-2
https://doi.org/10.1007/s00228-017-2323-2
https://doi.org/10.1634/theoncologist.2018-0418
https://doi.org/10.1634/theoncologist.2018-0418
https://doi.org/10.1002/phar.2131
https://doi.org/10.1200/JCO.2011.39.8446
https://doi.org/10.1158/1078-0432.CCR-15-0586
https://doi.org/10.1016/S2213-8587(19)30081-6
https://doi.org/10.3389/fphar.2021.637593
https://doi.org/10.1016/j.pain.2014.09.020
https://doi.org/10.1016/j.pain.2014.09.020
https://doi.org/10.1002/jcph.1559
https://doi.org/10.1158/1078-0432.CCR-22-2431
https://doi.org/10.1007/s00520-012-1492-x
https://doi.org/10.1007/s00520-012-1492-x
https://doi.org/10.1097/00008571-199810000-00004
https://doi.org/10.1097/00008571-199810000-00004
https://doi.org/10.2217/pgs-2018-0080
https://doi.org/10.1007/s11136-017-1635-0
https://doi.org/10.1002/ana.24951
https://doi.org/10.1002/ana.24951
https://doi.org/10.1111/jns.12335
https://doi.org/10.3389/fnmol.2017.00174
https://doi.org/10.1016/S0140-6736(22)01841-4
https://doi.org/10.1016/S0140-6736(22)01841-4
https://doi.org/10.1111/jns.12336
https://doi.org/10.1111/jns.12336
https://doi.org/10.1007/s00520-019-04781-6
https://doi.org/10.1007/s00520-019-04781-6
https://doi.org/10.1007/s10147-011-0352-x
https://doi.org/10.1007/s10147-011-0352-x
https://doi.org/10.1007/s00280-017-3314-9
https://doi.org/10.1186/s12916-020-01827-z
https://doi.org/10.1177/0192623319854326
https://doi.org/10.1097/JCP.0000000000000070
https://doi.org/10.3390/toxics3020152
https://doi.org/10.1007/s12640-022-00582-8
https://doi.org/10.1007/s12640-022-00582-8
https://doi.org/10.1124/dmd.113.053793
https://doi.org/10.3389/fphar.2022.750507
https://doi.org/10.3390/ijms20061451
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1178421

	CYP3A genetic variation and taxane-induced peripheral neuropathy: a systematic review, meta-analysis, and candidate gene study
	1 Introduction
	2 Materials and methods
	2.1 Systematic review
	2.1.1 Search strategy
	2.1.2 Study selection and review

	2.2 Candidate gene study
	2.2.1 Participants, recruitment and consent
	2.2.2 Sample collection
	2.2.3 DNA isolation and quantification
	2.2.4 Genotyping by TaqMan® real-time polymerase chain reaction (qPCR)
	2.2.5 Statistics and data analysis
	2.2.6 Meta-analysis


	3 Results
	3.1 Systematic review
	3.2 Findings of the systematic review
	3.3 Candidate gene study
	3.4 Meta-analysis

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


