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Abstract
As the activity of certain drug metabolizing enzymes or transporter proteins can vary with age, the effect of ontogenetic and 
genetic variation on the activity of these enzymes is critical for the accurate prediction of treatment outcomes and toxicity in 
children. This makes pharmacogenetic research in pediatrics particularly important and urgently needed, but also challenging. 
This review summarizes pharmacogenetic studies on the effects of genetic polymorphisms on pharmacokinetic parameters 
and clinical outcomes in pediatric populations for certain drugs, which are commonly prescribed by clinicians across multiple 
therapeutic areas in a general hospital, organized from those with the most to the least pediatric evidence among each drug 
category. We also further discuss the research status of the gene-guided dosing regimens and clinical implementation of 
pediatric pharmacogenetics. More and more drug–gene interactions are demonstrated to have clinical validity for children, 
and pharmacogenomics in pediatrics have shown evidence-based benefits to enhance the efficacy and precision of existing 
drug dosing regimens in several therapeutic areas. However, the most important limitation to the implementation is the lack 
of high-quality, rigorous pediatric prospective clinical studies, so adequately powered interventional clinical trials that sup-
port incorporation of pharmacogenetics into the care of children are still needed.

1 Introduction

Pharmacogenomics (PGx) is a critical component of preci-
sion medicine with the aim of individualizing drug therapy 
through genetic tests. Pharmacogenomic variants can affect 
the absorption, distribution, metabolism, and excretion of 
drugs through pharmacokinetic (PK) mechanisms. Genetic 
polymorphisms influencing the expression level or func-
tional activity of drug metabolizing enzymes or transport-
ers (DMETs) can lead to major differences in drug exposure, 
potentially affecting efficacy and drug safety. In addition, gene 
expression and function may change with age, and develop-
mental changes within the pediatric age range can result in 
specific drug exposures and effects in children [1]. Therefore, 
PGx clinical testing maybe particularly important in pediatric 
practice to help guide whether to select drugs for therapeutic 
alternatives and to adjust the initial dose of target drugs [2].

It is important to validate pharmacogenomic associa-
tions in children rather than extrapolating data solely 
from adults. Although pharmacogenetic studies are much 
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Key Points 

Recently, pharmacogenomics in pediatrics has shown 
evidence-based benefits to enhance the efficacy and pre-
cision of existing drug dosing regimens of several drugs 
such as voriconazole, tacrolimus, and thiopurines.

The frequencies of specific genotypes and haplotypes 
such as CYP2C19, CYP2C9, and CYP2D6 vary across 
ethnic populations, which might impact the dosage 
recommendations and limit the clinical utility of some 
pharmacogenomics tests; a clear understanding of the 
inter-ethnic genetic differences is therefore essential to 
guide effective global drug prescribing.

The biggest limitation to the implementation of pharma-
cogenomics is the lack of adequately powered pediatric 
prospective studies, so the generation of high-quality and 
validated evidence is still necessary for pediatric patients 
to support clinical implementation of pharmacogenomics 
into pediatric practice.
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harder to conduct in children for well-known reasons 
such as ethical considerations, there are several drugs 
with some pediatric evidence revealing significant and 
commonly available drug–gene interactions. This review 
will focus on pediatric evidence for associations of phar-
macogenetics in DMET genes with PK characteristics and 
clinical outcomes for certain drugs that are commonly 
prescribed by clinicians across multiple therapeutic areas 
in the pediatric field, organized from the most to the least 
pediatric evidence among each drug category. From the 
perspective of a general hospital, we excluded several 
specialty drugs such as psychotropic drugs that are usu-
ally prescribed more by psychiatrists. More critically, 
pharmacogenetics in child psychopharmacology have 
been summarized in more detail in the corresponding 
specialized reviews [3, 4]. In fact, dose adjustment rec-
ommendations for escitalopram and sertraline based on 
CYP2C19 metabolizer status are well supported by some 
studies in adolescents and recommended by the Clinical 
Pharmacogenetics Implementation Consortium (CPIC) 
[4, 5]. Genetic studies of gene pharmacodynamics and 
other non-genetic factors contribute to risk prediction, 
but are beyond the scope of this review. We will also 
review examples of how pharmacogenomic discoveries 
in children have demonstrated clinical utility in guiding 
drug dosing, discuss how to implement these PGx testing 
results clinically, and finally provide a broad overview of 
recommendations for gene-based dose optimization for 
children.

2  Pharmacogenomics Research Progress 
and Clinical Implementation in Children

Here, based on limited and potentially underpowered 
pediatric-specific evidence, we focus on the role of phar-
macogenetics and gene-based dose adjustment regimens 
in pediatric personalized medicine, and the current situa-
tion of clinical application. The summary of these original 
studies focusing on children with several details, includ-
ing authors, research design, sample size, and ethnicity, is 
reported in Table 1. Specific studies are described below 
in the Sects. 2.1. to 2.5. focusing on the genes coding for 
transporters, metabolizing among various drugs.

2.1  Anti‑Infective Drugs

2.1.1  Voriconazole (VCZ)

Voriconazole (VCZ) is primarily inactivated by the 
CYP2C19 metabolic enzyme, with minor contributions 
by CYP3A and CYP2C9. The genetic polymorphisms of 
CYP2C19, CYP2C9, and CYP3A4 were closely related to the 

large variations of the VCZ plasma concentrations in adults 
[6]. And genes encoding for drug transporters ABCC2, 
ABCG2, and SLCO1B3 have a suspected role in voricona-
zole pharmacokinetics [7].

2.1.1.1 Pharmacogenetics of VCZ Affecting Pharmacokinet‑
ics and  Clinical Outcomes The CYP2C19 genetic variants 
affecting CYP2C19 enzymatic activity are significantly 
related to the high variability in VCZ trough concentrations 
 (C0). Specifically,  C0 of patients with *2 or *3 allele [6] were 
significantly higher than that with wild-type carriers and the 
CYP2C19*17 polymorphism accelerated the effect on the 
PK parameters of VCZ [8]. In addition, CYP2C19 inter-
mediate metabolizers (IMs) and poor metabolizers (PMs) 
have elevated VCZ plasma concentrations and ultra-rapid 
metabolizers (UMs) have decreased concentrations when 
compared with normal metabolizers (NMs) [9–11]. How-
ever, a population pharmacokinetic (PPK) analysis with a 
small sample size (n = 21) has suggested that the CYP2C19 
phenotype did not have a clinically relevant effect on vori-
conazole exposure in Japanese pediatric subjects. And yet, 
as the number of subjects (n = 2) with CYP2C19 PM status 
was limited and the information on which alleles were geno-
typed or how authors interpreted genotype to phenotype was 
unclear in the study, the evidence may not be powered to 
support the negative result [12].

The variability of VCZ plasma concentrations was also 
related to CYP2C9*2 and CYP2C9*3 alleles [6]. The evi-
dence that CYP2C9*3 was strongly associated with differ-
ences in voriconazole plasma concentrations was reported 
in adults but not in children. The CYP2C9*2 allele was 
not tested in several studies because of the low frequency 
in Asian populations (< 0.1%) [6, 13]. Similarly, the 
CYP3A4*22 (with a frequency of 5–7% in the Caucasian 
population [14]) and rs4646437,which were discovered 
through the association with low CYP3A4 activity, are 
associated with higher plasma VCZ  C0 in adults, while lit-
tle data is available in pediatric patients [6, 15]. Addition-
ally, Allegra et al. [7] suggested that the genotype groups of 
SLCO1B3 rs4149117 and ABCB1 rs1045642 significantly 
influenced VCZ  C0. Effects on  C0 were also significant for 
the variants ABCG2 rs2231142 (enhancing) and ABCC2 
rs2273697 (reducing) in a retrospective study with lim-
ited subjects (n = 36) [16]. However, this remains to be 
further elucidated because the subgroup or overall sample 
size of these studies is relatively small, and there were also 
some negative results that did not support the effect of these 
genetic polymorphisms [15, 17].

Clinically, different studies showed inconsistent asso-
ciation between voriconazole  C0 and clinical outcomes. 
Most studies reported no statistically significant association 
between mean  C0 values and treatment response and severe 
toxicity in children, for example, the majority of patients 
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showed clinical improvement regardless of voriconazole 
trough levels [11, 18, 19]. However, the correlation is still 
noteworthy as Hicks et al. (n = 33) found that adverse effects 
such as neurotoxicity and hepatotoxicity were more common 
in patients with higher trough plasma concentrations [9].

2.1.1.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation Age is an important consideration in the admin-
istration of VCZ as physiological development is asso-

ciated with the level of maturation of certain enzymes or 
transporter activities. Therefore, until now, it has been dif-
ficult to accurately predict voriconazole dosing due to the 
tremendous variability in VCZ pharmacokinetics in chil-
dren. The CPIC [20] and Royal Dutch Association for the 
Advancement of Pharmacy Pharmacogenetics Working 
Group (DPWG) [21] have developed clinical guidelines for 
VCZ dose adjustment based on CYP2C19 genotype. Clini-
cal decision support for CYP2C19-based VCZ dosing is 

Table 1  Evidence for gene–drug interactions in pediatrics

Drug Study Sample size of target populations, n Ethnicity/race/nationality, n Study design

Anti-infective drugs
Voriconazole Fan et al. [6] 68 Chinese Prospective

Espinoza et al. [8] Group 1: 232;
Group 2: 33

Chilean NA

Hicks et al. [9] 33 African, 6
European, 23
Hispanic, 2
Multiple races, 2

Retrospective

Chen et al. [10] 91 Chinese Retrospective
Narita et al. [11] 37 Japanese Retrospective
Muto et al. [12] 21 Japanese PPK analysis
Chuwongwattana et al. [15] Age <12 years: 31;

Age ≥12 years: 146
Thai Retrospective

Tilen et al. [16] 36 NA Retrospective
Takahashi et al. [17] 58 White, 46

Black, 5
Native American, 3
Mixed/unknown, 4

PPK analysis

Liu et al. [18] 107 Chinese Retrospective
Tian et al. [19] Pilot study: 25;

Genotype-directed study: 20
NA Prospective

Teusink et al. [22] 28 Hispanic Retrospective
Karlsson et al. [24] 82 Caucasian, 57

Black, 6
Asian, 4
Other, 15

PPK analysis

Efavirenz Salem et al. [26] 96 Non-Hispanic, White, 12
Non-Hispanic, Black, 54
Hispanic, 28
Native American, 1
Other, 1

Prospective

Luo et al. [27] 168 White, 56
Black, 88
Other, 24

PPK analysis

Bienczak et al. [28] 169 African PPK analysis
Sinxadi et al. [29] 54 Black South African NA
Liu et al. [30] 39 Chinese NA
Saitoh et al. [31] 71 Non-Hispanic, White, 8

Non-Hispanic, Black, 46
Hispanic, 16
Native American, 1
Other, 1

Retrospective

Puthanakit et al. [32] 63 Thai Retrospective
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Table 1  (continued)

Drug Study Sample size of target populations, n Ethnicity/race/nationality, n Study design

Immunosuppressive agents
Tacrolimus Andrews et al. [34] 46 Caucasian, 34

Asian, 2
Black, 6
Other, 4

PPK analysis

Billing et al. [35] 37 NA Prospective
Prytuła et al. [36] 54 Caucasian, 38 PPK analysis
Guy-Viterbo et al. [37] 114 Black, 4

Caucasian, 110
PPK analysis

Mo et al. [38] 167 Chinese Retrospective
Li et al. [39] 108 Chinese PPK analysis
Gijsen et al. [40] 43 NA Retrospective
Knops et al. [41] 43 Caucasian, 39

Black‐African, 2
North‐African, 1
Asian, 1

Retrospective

Yang et al. [42] 136 Chinese Retrospective
Min et al. [46] 53 White/Caucasian, 38

Asian, 11
Black, 1
Mixed, 3

Prospective

MMF Krall et al. [48] 104 Chilean Prospective
Zhao et al. [49] 89 NA PPK analysis
Fukuda et al. [50] 32 Caucasian, 29

African American, 3
Prospective

Ohmann et al. [51] 59 White, non-Hispanic, 51
White, Hispanic, 2
Black, non-Hispanic, 6

Retrospective

Burckart et al. [52] 290 White, 215
Black, 54
Other, 21

NA

Prausa et al. [53] Matched cases 38;
Controls 38

White, 59
Black, 13
Native American, 1
Other, 4

Retrospective

Varnell et al. [54] 38 NA Prospective
Cyclosporine Li et al. [55] 86 Chinese PPK analysis

Cvetković et al. [56] 47 Serbian NA
Turolo et al. [57] 87 Italian Retrospective
Fanta et al. [58] 104 Caucasian, 103 PPK analysis
Yanagimachi et al. [59] 63 NA Retrospective

Chemotherapeutic agents
Thiopurine Relling et al. [62] 180 NA NA

Moriyama et al. [64] 5 East Asian, 3;
African, 1;
European, 1

NA

Tanaka et al. [65] 92 Japanese Retrospective
Lennard et al. [69] 1334 White, 1160;

Other, 174
Prospective
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Table 1  (continued)

Drug Study Sample size of target populations, n Ethnicity/race/nationality, n Study design

Anthracycline Visscher et al. [71] Dutch-EKZ 128;
Canadian-CPNDS 90

NA Retrospective

Visscher et al. [72] discovery cohort 156;
replication cohort 188;
Dutch-EKZ 96

NA Retrospective

Krajinovic et al. [73] 251 Caucasian NA

Semsei et al. [74] 235 NA Retrospective

Visscher et al. [75] Discovery 344;
Replication 218

NA Retrospective

Busulfan Nava et al. [77] 112 Caucasian, 94
African, 12
Other, 6

PPK analysis

Ansari et al. [78] 44 Middle East, 44 Retrospective
Ten Brink et al. [79] 84 NA Retrospective
Yuan et al. [80] Model-Building Cohort, 69;

External Validation Cohorts, 14
Chinese PPK analysis

Elhasid et al. [81] 18 Caucasian Retrospective
Nava et al. [82] 101 White, 80

Black, 11
Other, 10

Retrospective

Vincristine Ceppi et al. [83] 339 Caucasian NA
Guilhaumou et al. [84] 26 Caucasian PPK analysis
Moore et al. [85] 50 Australian PPK analysis
Egbelakin et al. [86] 107 Caucasians, 105

African-American, 1
Asian, 1

NA

Renbarger et al. [87] 113 Caucasians, 92
African-Americans, 21

Retrospective

Aplenc et al. [88] 533 African–American, 31;
Other, 502

Prospective

Wright et al. [89] Cases 167;
Controls 57

European, 175 Retrospective

Antiepileptic drugs
VPA Budi et al. [90] Control group 47;

CYPtest group 51
NA Prospective

Guo et al. [91] 98 Chinese Retrospective
Algharably et al. [92] 48 Egyptian Prospective
Xu et al. [93] 264 Chinese PPK analysis
Nandith et al. [94] 99 South Indian Prospective
Banawalikar et al. [95] 65 South Indian Prospective
Feng et al. [96] 174 Chinese Prospective
Tóth et al. [98] 50 Caucasian Retrospective
Noai et al. [99] 85 Japanese Retrospective
Mei et al. [100] 290 Chinese PPK analysis
Inoue et al. [101] 78 Japanese PPK analysis

CBZ Kim et al. [106] 146 NA NA
Zhang et al. [108] 117 Chinese Retrospective
Hung et al. [109] 91 NA NA
Ueda et al. [110] 192 Japanese Retrospective
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also available via the Pharmacogenomics Knowledge Base 
(PharmGKB) website (https:// www. pharm gkb. org/). More-
over, limited and inconsistent studies are available describ-
ing the relationship between CYP2C19 polymorphisms and 
dose requirements in pediatric patients [9, 17, 19, 22]. And 
the researchers who completed these studies all developed 
various algorithms with genotype-directed initial admin-
istration of VCZ. For example, Takahashi et al. suggested 
the following doses to attain target  C0: 16 mg/kg (weight of 
< 15 kg) for NMs, 33 to 50% lower for PMs and 25 to 50% 
higher for UMs. These pediatric-specific recommendations 
remain incomplete, which is partly due to a lack of sufficient 
data demonstrating a difference between CYP2C19 normal 
and rapid metabolizers in children [20].

CYP2C19 genotype-guided voriconazole dosing has been 
implemented by some medical centers to study clinical suit-
ability, and the results demonstrated benefit [9, 22, 23]. For 
example, adjusting voriconazole dosing based on CYP2C19 
metabolizer status in pediatric patients resulted in a signifi-
cant reduction in the time required to achieve target drug 
concentrations [22]. However, whether the preemptive gen-
otype-directed dosing should be recommended in pediatric 
patients in clinical practice needs further study. A population 
pharmacokinetics (PPK) analysis reported that, individually, 

dose adjustments based only on CYP2C19 genotype appear 
to offer no improvement in terms of exposure distribution 
over the unadjusted dose [24], similar to the findings of 
Tian et al. [19]. Some researchers have concluded that the 
CYP2C19 genotyping status alone does not accurately fore-
cast voriconazole plasma concentrations in patients, there-
fore, a combination of PGx and therapeutic drug monitoring 
(TDM) strategies for VCZ individualization can be of great 
benefit for patients [23, 25].

2.1.2  Efavirenz (EFV)

Efavirenz (EFV) is cleared primarily in the liver and 
these metabolic reactions are catalyzed exclusively by the 
CYP2B6 enzyme. It has been demonstrated that activation 
levels of CYP2B6 show broad inter-individual variation.

2.1.2.1 Pharmacogenetics of EFV Affecting Pharmacokinet‑
ics and  Clinical Outcomes Most studies demonstrated that 
the TT genotype of CYP2B6 rs3745274 had a significant 
elevated systemic exposure and reduced effect on the clear-
ance (CL) of EFV compared with the GG and GT geno-
types, and subsequently some researchers have constructed 
PPK models to quantify the effects on EFV clearance of 

Table 1  (continued)

Drug Study Sample size of target populations, n Ethnicity/race/nationality, n Study design

Gastrointestinal drugs
PPI Kearns et al. [112] Study 1: 24

Study 2: 19
White, 27
Black, 8
Hispanic, 6
Other, 2

NA

Shakhnovich et al. [113] 40 White, 20
Black/African American, 12
Asian, 1
Other, 7

Prospective

Gumus et al. [114] 244 Turkish Retrospective
Franciosi et al. [115] 74 White, 53 Retrospective
Bernal et al. [116] 670 White, 553

African American, 76
Asian American, 11
Other or unknown, 30

Retrospective

Lima et al. [117] 279 White, 107
African American, 139
Asian, 5
Other, 28

Prospective

Kearns et al. [118] Pantoprazole cohort 40;
Omeprazole cohort 23

NA Retrospective

Cicali et al. [119] Conventional dosing, 30;
Genotype‐guided dosing, 30

White, 47
African American, 4
Other, 9

Prospective

Tang et al. [120] 64 NA Prospective

https://www.pharmgkb.org/
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the CYP2B6 rs3745274 (occurring in 3–6% of Caucasians 
and 16–20% of African-Americans) and rs28399499 (a 
less frequent variant found almost exclusively in Africans) 
variants [26–29]. Limited data are currently available on 
antiretroviral pharmacogenomics in pediatric Asian popu-
lations [30]. In addition, it has been demonstrated that a 
composite CYP2B6 genotype based on CYP2B6 rs3745274, 
rs28399499, and rs4803419 best described EFV exposure 
in HIV-infected African adults and children [29]. No effect 
of any variant of the drug transporter p-glycoprotein (P-gp/
MDR1, encoded by ABCB1) was observed in related studies 
[26, 30].

Clinically, no association was found between CYP2B6 
rs3745274 polymorphisms and virologic or immunologic 
responses, toxicity, side effects, or the development of viral 
resistance against EFV [31, 32].

2.1.2.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation The CPIC guideline has provided therapeu-
tic recommendations for efavirenz prescribing based on 
CYP2B6 genotypes in three groups of children (aged < 3 
years, aged > 3 years and weighing < 40  kg, weighing 
≥ 40  kg) [33]. Also, some PPK studies have established 
models to construct dosing guidelines taking into account 
genotype and other factors such as body weight (the most 
influential covariate for CL in Luo’s model), age, and prior 
antiretroviral therapy [26, 27]. In particular, Bienczak et al. 
[28] proposed a dosing optimization strategy for African 
children between the four metabolic subgroups based on 
optimal ratios of 1:0.66:0.33:0.1, by analyzing existing data 
from 169 children. To our knowledge, feedback on the cur-
rent dosing recommendations clinically used in specific 
pediatric cases is not yet known. Thus, as shown in the 
abovementioned studies, genotype appeared to be an impor-
tant potential predictor for many children, but it could not be 
considered an absolute indicator of dosing needs.

2.2  Immunosuppressive Agents

2.2.1  Tacrolimus (TAC)

Tacrolimus is primarily metabolized by the cytochromes 
3A4 and 3A5 (CYP3A4 and CYP3A5), of which CYP3A5 
is the most important metabolic enzyme. P450 oxidoreduc-
tase (POR) is the protein that enables the activity of CYP 
enzymes through a certain mechanism. TAC is also a sub-
strate for the drug transporter P-gp/MDR1.

2.2.1.1 Pharmacogenetics of TAC Affecting Pharmacokinet‑
ics and Clinical Outcomes It is clear from the data that the 
CYP3A5 genetic variants are significantly related to the var-
iability of TAC plasma concentrations in pediatric patients 

[34–36]. More specifically, the carriers of the CYP3A5∗1 
allele (CYP3A5 expressers) have lower dose-corrected tac-
rolimus  C0 compared with non-carriers (CYP3A5*3/*3 gen-
otype) [34]. Of note, the effect of CYP3A5*1 polymorphism 
and weight on TAC  C0 is cumulative [36]. Additionally, the 
impact of CYP3A4 genetic polymorphism on the PK of TAC 
remains unclear due to limited evidence. CYP3A4*22 SNP 
frequency is relatively low in whites (3–8%), but nonethe-
less this allele is an interesting candidate for the explora-
tion of potentially altered CYP3A4 expression since T allele 
carriers significantly increased TAC plasma  C0 in children 
(with PharmGKB level 1B evidence) [37]. The CYP3A4*1G 
allele is associated with a higher TAC exposure in adults 
whereas no correlation was found in pediatrics [34, 38, 39].

Some studies have described the interactions between the 
effect of the CYP3A5 gene and other genotypes. Interest-
ingly, POR*28 single nucleotide polymorphisms (SNPs) 
appear to exert isoform-specific effects on CYP activity. A 
small cohort study of pediatric kidney transplant recipients 
(n = 43) reported that the CYP3A5 expressers carrying at 
least one POR*28 allele had lower tacrolimus concentrations 
compared with the CYP3A5 expressers carrying POR*1/*1 
[40], but this finding was not replicated, probably because 
the sample size of subjects with POR*28 was limited (n = 1) 
and the authors did not have enough observations to study 
its effect [41]. Also, CYP3A5 combined with a CC genotype 
of ABCB1 rs1128503 showed a higher overall contribution 
to the attributable variance in TAC pharmacokinetics than 
CYP3A5 alone because an ABCB1 rs1128503 genotype may 
heighten the effects of CYP3A5 [42].

Whether these gene polymorphisms are associated with 
transplant-related clinical outcomes remains controversial. 
The last serum creatinine (SCr) levels, graft function, or the 
incidence of adverse drug events (ADEs) did not signifi-
cantly differ between CYP3A5 expressers and non-express-
ers, nor between carriers of at least one POR*28 allele or 
POR*1/*1 allele [35, 40]. Yang et al. found that those recipi-
ents with the CC genotype of ABCB1 rs1128503 presented 
with a high incidence of acute rejection and transplant-
related infection, despite their much lower TAC concentra-
tions [42].

2.2.1.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation A CPIC guideline exists for CYP3A5-based dos-
ing of tacrolimus, recommending a 1.5- to 2-fold increase 
in dose for children and adolescents with at least one 
CYP3A5*1 allele, similar to the recommendations for adults 
[43]. We need to be careful to consider the patient’s ethnic 
background when administering medication because the 
frequency of CYP3A5*3 SNPs is highly ethnicity depend-
ent, presenting in the majority of Africans (45–73%) and 
in a minority of Caucasians (5–15%) [44]. For Asians, the 
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prevalence of CYP3A5*3 occurred at around 15–35% [44]. 
Multiple studies have given specific dosing recommenda-
tions based on CYP3A5 polymorphism and other non-
genetic factors such as body weight, age, and donor type 
(deceased/living) for children [34, 36, 37, 39, 41], but these 
proposals are inconsistent. Among them, Li et al. were the 
first to distinguish the effects of wild type (*1*1), heterozy-
gous (*1*3), and homozygous (*3*3) on the PK of TAC in 
pediatric subjects, and provided guidance on the daily dose 
of TAC based on each of the three genotypes [39]. More-
over, Elens et  al. [45] suggested that the combination of 
CYP3A4 and CYP3A5 alleles may predict tacrolimus dose 
requirements better than either gene alone, which should be 
further studied.

Limited studies described whether the dose adjustments 
recommended in the abovementioned studies are clinically 
applicable. The PPK models in some studies have been 
externally validated in an independent dataset, providing a 
preliminary validation of the utility [36, 38]. Moreover, a 
prospective trial of 53 children demonstrated that CYP3A5 
genotype-guided dosing was safe and resulted in earlier 
attainment of target therapeutic concentrations with signifi-
cantly fewer out-of-range concentrations than with standard 
dosing [46].

In general, researchers do recommend using CYP3A5 
genotype-guided dosing for patients with a known CYP3A5 
genotype to individualize initial tacrolimus treatment, 
especially in Chinese children [39]. However, the current 
evidence is limited to the effect of CYP3A5 on tacrolimus 
pharmacokinetic parameters, with no direct and high-qual-
ity evidence for improved clinical outcome or toxicity [43]. 
Thus, few studies recommended whether or not to test for 
the CYP3A5 genotype in advance.

2.2.2  Mycophenolate Mofetil and Mycophenolate Sodium

Mycophenolate mofetil (MMF) is a prodrug that is rapidly 
metabolized to mycophenolic acid (MPA). MPA is mainly 
metabolized by uridine diphospho-glucuronosyltransferase 
(UGT) family members (particularly UGT1A9, UGT1A8 
and UGT2B7) [47]. The efflux transporter MRP2 (multid-
rug-resistance protein 2 /ABCC2) is involved in the entero-
hepatic circulation of MPA.

There is less evidence regarding the effect of genetic vari-
ants on MPA pharmacokinetics than that associated with 
TAC pharmacokinetics, which might be partly attributed 
to the low frequency of genes encoding enzymes or trans-
porters. In pediatric patients, polymorphisms in UGT1A9, 
UGT2B7, and UGT1A8 may influence the metabolism and 
clearance [48–50]. The apparent oral clearance (CL/F) was 
significantly lower in patients with CC genotype of UGT2B7 
rs7439366 compared with patients with CT and TT gen-
otypes, and this effect was independent of body weight 

[49]. In addition, Fukuda et al. [50] found that combined 
UGT1A9-440T>C, UGT2B7 rs7438135, and ABCC2 
rs717620 polymorphisms might be important predictors 
of inter-individual variability in MPA exposure in Cauca-
sian pediatric kidney transplant recipients aged 2–19 years 
(n = 32). However, a larger cohort is needed to continue 
validation of UGT  polymorphisms since the results were 
not replicated in the same ethnic populations (Caucasians) 
in a pharmacogenetic substudy (n = 37) of Billing et al.’s 
randomized controlled trial (RCT) [35], and the PharmGKB 
level of evidence focusing on pediatrics is unavailable for the 
MMF-UGT association.

As for the transporters, studies on the impact of ABCC2 
polymorphisms have yielded mixed results, which need to 
be further studied. The effect of ABCC2 polymorphisms 
on the pharmacokinetics of MPA is unclear. An evaluation 
of ABCC2 variants (rs717620, rs2273697, rs8187694, and 
rs3740066) in an RCT study and a PPK analysis (n = 89) 
found no associations with MMF pharmacokinetics [35, 49]. 
The long-term implications of ABCC2 polymorphisms on 
transplant outcome have rarely been reported previously. 
Some studies reported that the GG genotype of ABCC2 
rs717620 was protective against MMF discontinuation sec-
ondary to gastrointestinal side effects [51] and conferred 
increased risk of rejection and late rejection with hemody-
namic compromise [52]. Additionally, MMF-related adverse 
events (e.g., leukopenia and diarrhea) in pediatric recipients 
were found to be associated with UGT2B7 rs7438135 or 
UGT1A9-331C>T (with an increased risk with both) pol-
ymorphism [50, 53, 54]. Compared with adults, children 
and adolescents may be more susceptible to MMF-related 
leukopenia and/or the effects of SNPs due to maturation of 
these enzymes.

2.2.3  Cyclosporine

Cyclosporine (CsA) is a substrate for CYP3A4 and CYP3A5 
and P-gp. Most studies have focused on the impact of genetic 
variation in the genes which encode CYP3A4, CYP3A5, 
and P-gp on the pharmacokinetics of CsA, but the results 
are still contradictory. In this PPK study with 86 Chinese 
pediatric subjects, they reported that the CYP3A4*1G geno-
type significantly influenced the cyclosporine CL with the 
result that the clearance rate of CsA in CYP3A4*1G T allele 
carriers increased compared with that in CYP3A4*1G CC 
carriers [55]. Meanwhile, similar to the effect of CYP3A5 
SNPs on TAC, it was suggested that overall CsA  C0/dose 
was significantly lower in CYP3A5 expressers compared 
with non-expressers (PharmGKB Level 3) in pediatric renal 
transplant recipients, including age as a covariate [56]. How-
ever, conflicting evidence has been reported. Some cohort 
studies with a larger sample size (including 87 teenagers 
and 104 pediatric patients) reported that CYP3A5*3 was not 
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associated with variation in cyclosporine pharmacokinetics 
[57, 58]. In addition, some pediatric studies reported that the 
ABCB1 genotype significantly influenced cyclosporine con-
centrations and the effect is age-dependent [57, 58], although 
in Li et al.’s study [55] the effect was inconsistent. The allele 
frequency of ABCB1 is greatly influenced by ethnicity, and 
the inter-racial influences in the Italian population are not as 
frequent as in other Europeans [57].

Clinically, ABCB1 rs1128503 and rs2032582 were each 
independent risk factors for CsA-related neurotoxicity in 
children and adults, especially the CC genotype at ABCB1 
rs1128503, but its association was not statistically significant 
in children [58]. Also, no relationship between CsA-related 
neurotoxicity and the CYP3A5 expresser genotype was 
detected [59]. More studies are required on the predictive 
value of genotyping for individualization of cyclosporine 
dosing in children.

2.3  Chemotherapeutic Agents

2.3.1  Thiopurine Drugs

Azathioprine activation involves conversion to mercaptopu-
rine via metabolism by the glutathione S-transferase (GST) 
family. Then, thiopurine S-methyltransferase (TPMT) cata-
lyzes the methylation of 6-mercaptopurine (6-MP) and its 
downstream metabolites. NUDT15 dephosphorylates the 
active 6-thioguanine nucleotide (6-TGN) back to the less 
toxic forms, therefore reducing thiopurine cytotoxicity [60].

2.3.1.1 Pharmacogenetics of  Thiopurines Affecting Phar‑
macokinetics and Clinical Outcomes Pharmacogenomics of 
thiopurines (6MP and 6TG) with TPMT is probably the most 
studied drug–gene interaction in pediatric medicine. Alleles 
*2, *3A,*3B, and *3C of TPMT are by far the most com-
mon variants and represent approximately 90% of low and 
intermediate TPMT activity in Caucasians. The *3A allele 
was more common in Caucasians (3.9%) and the *3C allele 
more common in Africans (3.5%) and Asians (0.7–2.5%) 
[61]. It is relatively clear that this drug–gene association 
has important clinical implications because the treatment 
outcome of childhood acute lymphoblastic leukemia (ALL) 
with 6MP is highly associated with genetic polymorphism 
in TPMT [62].

The association of certain NUDT15 alleles with adverse 
reactions to thiopurines in children has been replicated 
in some studies [63–65]. The NUDT15 PM phenotype is 
largely restricted to Asian people with a frequency of about 
one in every 50 patients, which had hitherto been rarely 
reported in European or African patients [63, 66]. For exam-
ple, the NUDT15*2 allele, a 6-MP toxicity-related locus dis-
covered in Asians, was associated with thiopurine-related 
hematopoietic toxicity in several studies of 6MP [63, 65], 

and further studies identified a similar toxicity profile for 
azathioprine and 6TG. Additionally, data on numerous novel 
potential pharmacogenomic markers relevant for optimiza-
tion of thiopurine treatment are still controversial, such as 
ABCC4 and GSTM1 [67].

2.3.1.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation Multiple studies in pediatric populations have 
shown that the evidence in children does not deviate from 
that seen in adults [68]. Currently, TPMT and NUDT15 
pharmacogenomic testing is applied in pediatric care, con-
tributing to the reduction of thiopurine-induced toxicity 
[67]. Thiopurine pharmacogenomics has been demonstrated 
to be one of the best examples of successful application of 
pharmacogenomics in pediatrics [67]. The CPIC guideline 
[63] on thiopurines provided recommendations for initial 
dose selections as a function of both TMPT and NUDT15 
genotypes, which recommended that TPMT IMs receive 30 
to 70% of the full dose, and PMs receive 10% of the full 
dose three times per week to avoid ADRs. The NUDT15 
recommendations parallel those for TPMT: for NUDT15 
IMs and those with variants with uncertain functional activ-
ity, reduced dosing is also recommended.

Preemptive testing of TPMT and NUDT15 genes has been 
clinically implemented to achieve a balance between efficacy 
and toxicity [60]. All active Children’s Oncology Group pro-
tocols for acute lymphocytic leukemia currently recommend 
testing for TPMT variants at diagnosis and adjusting initial 
doses of thiopurine drugs accordingly [69]. Given the com-
parable impact of these variants with risk alleles in TPMT, 
similar benefits are expected with pre-emptive NUDT15 
genotyping, especially for Asian patients, while NUDT15-
guided thiopurine dosing was considered to be of limited 
importance in Caucasians owing to the lower frequency of 
the known risk variant NUDT15*2 [63, 64]. In addition, it is 
crucial to continuing to monitor patients treated with thiopu-
rines for toxicity rather than interpreting normal metabolizer 
status for TPMT or NUDT15 as a guarantee against encoun-
tering significant toxicity [60, 62].

2.3.2  Anthracyclines

Anthracyclines are an important component of childhood 
cancer treatment, including doxorubicin and daunorubicin. 
However, their use is limited by anthracycline-induced car-
diotoxicity (ACT). The solute carrier transporters (SLCs) 
play an essential role in the absorption and excretion and 
members of the ABC transporter family regulate the distri-
bution of anthracyclines.

2.3.2.1 Pharmacogenetics of Anthracyclines Affecting Phar‑
macokinetics and  Clinical Outcomes Some studies found 
that polymorphisms in genes encoding for ABC transport-
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ers were associated with ACT. A recent review described 
the pharmacogenomic markers related to the development 
of ACT in childhood cancer patients [70] and it concluded 
that eight variants in five genes (ABCB1, ABCB4, ABCC1, 
ABCC2, ABCC5) were identified as predictors of risk [70]. 
Specifically, the findings were validated in some internal rep-
lication cohorts. For instance, Visscher et al. [71] reported 
two gender-dependent associations in the ABCB4 gene 
(rs1149222 and rs4148808) that appear to be significant 
only among females. And it has been reported that ABCB1 
(rs2235047 and rs4148808) [71, 72], ABCC5 rs7627754 
[73], as well as ABCC1 (rs3743527 and rs246221) [74] gene 
variants were associated with increased risk of ACT in pedi-
atric ALL.

Also, variations in genes encoding SLC and UGT were 
found to be associated with anthracycline cardiotoxicity. 
Visscher et al. [72] have further replicated the association 
of the SLC28A3 SNPs in an independent replication cohort 
(n = 188). The genetic variants in SLC28A3 (rs7853758 
and rs4877847), SLC10A2 (rs9614091), and SLC22A17 
(rs4982753 and rs4149178) appear to confer a significant 
decreased risk of ACT and improve a genotype-guided risk 
prediction model, with replication in the second cohort [71, 
72, 75]. Conversely, the rs6759892 and rs17863783 gene 
variants in UGT1A6 have been found to be significantly 
associated with an increased risk of ACT [71, 72]. However, 
we should be cautious about the low-level evidence for these 
drug–gene associations (PharmGKB level 3 or 4). Together, 
combining these genetic variants with clinical risk factors 
may be possible to distinguish between those at higher and 
lower risk for development of ACT. If replicated in other 
populations, these findings may provide the basis for safer 
dosing of this widely used drug.

2.3.2.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation A number of genes have been identified through 
association studies of ACT. SLC28A3 rs7853758 and 
UGT1A6*4 currently have the strongest evidence as phar-
macogenomic markers for ACT [70, 72]. These findings may 
altogether lead to prediction models to identify patients who 
might be highly susceptible to ACT and require treatment 
adjustment. Also these pharmacogenomics data have been 
utilized to develop evidence-based clinical practice recom-
mendations by the Canadian Pharmacogenomics Network 
for Drug Safety, which recommends pharmacogenomic 
testing should be performed in childhood cancer patients 
with doxorubicin or daunorubicin therapy for UGT1A6*4 
(rs17863783) and SLC28A3 rs7853758 variants [76]. To 
date, all association studies in ACT have been retrospective. 
Prospective studies are needed to better implement practice 
guidelines to mitigate the risk of ACT. Also, the limitations 
of the lack of data on ethnicity require further refinement.

2.3.3  Busulfan (Bu)

The only known metabolic pathway of busulfan (Bu) is its 
conjugation to glutathione, a reaction that is mainly cata-
lyzed by the hepatic enzyme GST. Part of the PK variability 
of busulfan results from genetic variations in the enzyme-
coding gene GSTA1.

2.3.3.1 Pharmacogenetics of  Bu Affecting Pharmacokinet‑
ics and  Clinical Outcomes Several studies reported that 
polymorphic expression of metabolic enzymes (especially 
GSTA1) influenced busulfan CL [77, 78]. The potential 
effect of a haplotype in CYP39A1 in busulfan PK is newly 
discovered, but the role in busulfan metabolism needs fur-
ther clarification [79]. A study with 84 pediatric patients 
reported that both GSTA1 and CYP39A1 genotypes were 
associated with busulfan CL and they together could 
account for up to 17% of the variability in pediatric patients 
[79]. To be specific, patients who were heterozygous for 
GSTA1*A/*B or homozygous *B/*B had a lower busulfan 
CL compared with the wild-type genotype GSTA1*A/*A 
[80], and patients who were carriers of one of the variant 
CYP39A1*TC alleles or homozygous patients had a lower 
CL compared with CYP39A1*WT/*WT patients [79]. Also, 
the effect of GSTA1 haplotype on CL may be dependent on 
age, with the GSTA1 haplotype having a larger influence in 
younger children [79].

Clinically, some studies concluded that patients 
with GSTA1 genotypes (GSTA1*B, GSTA1*B/*B, and 
GSTA1*B1/*B1) had increased risk of SOS (sinusoidal 
obstructive syndrome) [80, 81]. Ansari et al. reported that 
GSTA1 slow metabolizers had increased TRT (transplant-
related toxicity) [78]. Nevertheless, these associations still 
need to be confirmed by more studies as a PharmGKB level 
of evidence has not been given, probably due to the low 
quality of evidence.

2.3.3.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation Currently, depending on a patient’s GSTA1 
diplotype group, busulfan first-dose tailoring can be 
estimated from doses obtained from currently available 
weight- and/or age-based guidelines. The inclusion of the 
GSTA1 diplotype groups as a covariate in a novel pharma-
cogenetics-based PPK model is recommended to improve 
dose prediction in many studies [77, 82]. Interestingly, GST 
polymorphism frequencies are highly heterogeneous in the 
Israeli population. GSTA1*A/*A wild-type variant was less 
common in individuals of Muslim descent compared with 
those of Jewish or Druze, while mutant allele GSTA1*B was 
more common in Moslems than in Jews and Druze [81]. 
However, to our knowledge, no studies give specific recom-
mendations for gene-based dosing. Meanwhile, the high 
burden of concomitant medication interactions and the cost 
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of performing genomic testing may limit the utility of phar-
macogenomic testing.

2.3.4  Vincristine

To date, most pharmacogenomics studies on the effect of 
vincristine-induced peripheral neuropathy (VIPN) in chil-
dren have emphasized DNA sequence variations. Given 
that vincristine is predominantly metabolized by CYP3A5, 
several groups have investigated the role of the CYP3A 
subfamily in VIPN in terms of inter-individual differences 
in pharmacogenetics related to drug bioavailability, clear-
ance, efficacy, and toxicity. The effect of gene polymorphism 
on patient susceptibility to developing neurotoxicity is not 
clear and data have been mostly controversial. A majority 
of the studies disagree with regards to the association of 
lower vincristine clearance in CYP3A5 poor metabolizers 
with increased risk for VIPN [83–85], but this association 
was observed definitely in other studies [86–88]. Egbelakin 
et al. [86] reported CYP3A5 expressers have a significantly 
reduced risk of VIPN compared with CYP3A5 non-express-
ers in children with ALL. Also, there was a study showing 
patients with the CYP3A4*1B and CYP3A5*3 genotypes had 
a decreased risk of peripheral neuropathy that was statisti-
cally significant on univariate analysis [88]. Besides, con-
sidering that 70% of African Americans (vs 20% of Cau-
casians) express CYP3A5, a hypothesis could be proposed 
that vincristine is metabolized more efficiently in those of 
African American ethnicity, leading to reduced vincristine 
exposure and associated toxicity [87]. This has been subse-
quently proven by Egbelakin et al., who reported that vin-
cristine-related neurotoxicity was much more frequent and 
more severe in Caucasians than in African–Americans [86].

Beyond the impact of the CYP3A subfamily on vincris-
tine metabolism, significant associations between VIPN and 
variants of ABCB1 [83], ABCC1 (rs3784867), and SLC5A7 
(rs1013940) [89] have been found in multiple studies. 
But the genetic variants in the ABCB1 gene alone cannot 
explain the large variability in vincristine pharmacokinet-
ics. For dose optimization of vincristine, additional studies 
are required to reconcile these inconsistencies, and replica-
tion studies with the higher level of evidence are needed to 
implement genotype testing combining CYP3A5, SLCs and 
ABCs as the level of current evidence is low.

2.4  Antiepileptic Drugs

2.4.1  Valproic Acid

Children have a lower glucuronidase activity than adults as 
UGTs are developmentally regulated; therefore, a larger part 
of valproic acid (VPA) is liable to undergo CYP-dependent 
metabolism in children [90]. The main catalyst is CYP2C9, 

with minor contributions from CYP2A6 and CYP2B6. In 
addition, VPA needs to be transported by various transport-
ers, such as ABCB1 and ABCC2.

2.4.1.1 Pharmacogenetics of  VPA Affecting Pharma‑
cokinetics and  Clinical Outcomes Different studies have 
yielded different observations regarding the UGT gene 
polymorphisms and their effect on VPA concentra-
tions. Several studies indicated that genetic variants in 
UGT1A3/1A4/1A6/1A9 and UGT2B7 may influence the 
pharmacokinetics of VPA in children [91, 92]. Specifi-
cally, the most common SNPs of UGT1A6 (rs6759892, 
rs2070959, and rs1105879) [92] and UGT2B7 (rs7668258 
and rs7439366) have been reported to be associated with 
lower adjusted plasma VPA concentrations in epileptic 
children [91]. However, the associations remained con-
troversial with low evidence (PharmGKB level 3) for 
pediatric patients as some studies reported that there was 
no significant effect of UGT  gene variants on serum val-
proate concentrations [93, 94]. One reason for this con-
tradictory result may be due to the fact that the pattern of 
UGT1A6 gene polymorphisms varies slightly in different 
populations. For example, in the Chinese pediatric epi-
lepsy population, the predominant pattern of genetic poly-
morphism observed is wild-type, whereas in the Indian 
population it is mutant type [95]. Little literature to date 
has explained the influence of UGT  genetic variants on 
the clinical outcome of VPA monotherapy. A study of 174 
Chinese children indicated that genetic polymorphisms of 
UGT2B7 rs7668282 were associated with seizure reduc-
tion and resulted in a greater incidence of VPA-induced 
hepatotoxicity in younger children [96]. Evidence for the 
influence of UGT1A6 polymorphic variants at rs2070959 
and rs1105879 loci on ADR and seizure severity is con-
flicting [92, 95].

Some studies suggest it is children’s CYP2C9-status 
rather than CYP2C9 gene polymorphisms alone that better 
explains the variation in the serum VPA concentrations and 
susceptibility of some adverse reactions. Loss-of-function 
mutations in the CYP2C9 gene or low CYP2C9 expression 
can be identified as risk factors for certain side effects [97, 
98]. Of note, the CYP2C9 *2 allele is present predomi-
nantly in Caucasians (16%), and the *3 allele is present in 
East Asians but is absent from the African population [61], 
which is particularly useful to identify ethnic groups with a 
higher proportion of reduced-function variants when VPA is 
prescribed. Additionally, whether CYP2C19 gene polymor-
phisms have a significant impact on the PK profile of VPA 
in children remains unclear. Some researchers speculate 
that CYP2C19 heterozygous EM and PM genotypes may be 
associated with increased testosterone or progesterone lev-
els, thus leading to weight gain, which is frequently reported 
as a side effect of VPA [99].
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Of note, the effect of a single gene polymorphism on VPA 
metabolism is limited. It has been confirmed that the com-
bined genotype UGT-CYP (such as the UGT2B7 rs7668258 
and the CYP2C9*1/*1 genotype) has significant influence 
on VPA PK in some PPK models [100, 101], while no sig-
nificant relationships between genetic variants in CYPs and 
UGTs and VPA CL/F were found in Xu’s PPK model using 
data from 264 epileptic pediatric patients [93].

Taken together, the abovementioned studies suggested 
that the patients’ CYP2C9 status plays a clinically relevant 
role in VPA efficacy and safety. The impact of genetic vari-
ants on VPA PK and clinical outcomes remains unclear to 
date.

2.4.1.2 Gene‑Guided Dosing Regimens and Clinical Imple‑
mentation Currently, CPIC guidelines are not available 
to guide the use of CYP2C9 metabolizer status for VPA 
selection and dose. Extrapolation of the valproate metabolic 
phenotype from CYP2C9 genotype may lead to false predic-
tions as non-genetic factors can significantly alter the drug 
metabolizing phenotype [98]. Tailored valproate therapy 
adjusted to the pediatric patients’ CYP2C9 status (deter-
mined by CYP2C9 genotype and CYP2C9 expression) may 
be superior in reducing the risk of serious adverse reactions 
and predicting specific dose requirements [90, 97]. Monos-
tory et al. [97] concluded that CYP2C9-status–guided val-
proic acid therapy can be recommended for children with 
at least one or two wild-type CYP2C9  alleles. For exam-
ple, dose reductions of valproic acid are recommended for 
the children with heterozygous genotypes (CYP2C9*1/*2 
or CYP2C9*1/*3) or for low CYP2C9 expressers, whereas 
increased dose is proposed for high expresser patients with 
CYP2C9*1/*1 genotype [97]. Furthermore, CYP2C9-sta-
tus–guided therapy has been successfully applied for VPA 
dose optimization in 99 pediatric patients, which signifi-
cantly reduced the number of patients outside of the thera-
peutic range of serum VPA concentrations and those with 
toxic symptoms [90, 102]. However, the sample size of the 
CYP test group in this study seems to be too small (n = 51) 
to make firm conclusions that CYP2C9-status–guided VPA 
treatment is preferable to non–CYP2C9-guided treatment 
[90]. These findings still require replication.

2.4.2  Carbamazepine

The major route of carbamazepine (CBZ) metabo-
lism depends on the activity of CYP3A4, CYP3A5, and 
CYP2C8. Also, several minor metabolic pathways of CBZ 
metabolism are catalyzed by CYP2B6 and CYP2A6, with a 
smaller contribution from CYP1A2 [103]. While CYP3A4 
seems to be the most important player in this reaction, it is 
not considered very polymorphic [104]. On the other hand, 
CYP3A5 exhibits high genetic variability, with CYP3A5*3 

(rs776746) representing the most frequent and best stud-
ied variation leading to severely decreased enzyme activity 
[105]. Of note, absent from the PharmGKB evaluation is 
consideration of the CBZ-CYP3A5 association in pediatric 
patients. Although carbamazepine transport is not yet fully 
clarified, there are several transporters suggested to affect 
CBZ crossing the blood-brain barrier, including MDR1 and 
MRP2 [106].

Both CYP1A2 and CYP2C19 show considerable poly-
morphism. The association of CYP1A2*1F and ABCC2 
rs2273697 with pharmacokinetics of CBZ has been reported 
(PharmGKB level 3 or 4) [105]. Genetic variations such as 
CYP2C19*2, CYP2C19*3, UGT2B7*2, ABCB1 rs1045642, 
and ABCC2 rs717620 and rs3740066 have been deemed not 
to be important for response to CBZ in children, while the 
observed effect of CYP3A5*3 and CYP2C8*3 polymor-
phisms required additional studies to further clarify [105, 
107, 108].

Clinically, early studies reported that no polymorphisms 
involved in CBZ metabolism were identified as pathogenic 
in adult patients [109]. A retrospective study of Japanese 
patients with epilepsy showed that the GSTM1 null genotype 
was a risk factor for mild carbamazepine-induced hepatotox-
icity [110]. However, no relevant results have been reported 
in the pediatric population to date.

2.5  Gastrointestinal Drugs

2.5.1  Proton Pump Inhibitors

Most first-generation proton pump inhibitors (PPIs) are pri-
marily metabolized by CYP2C19, with CYP3A4 playing a 
minor role. The second-generation PPIs esomeprazole and 
rabeprazole are less CYP2C19 dependent in their metabo-
lism [111].

PPI use in children is common and continues to increase, 
and some studies have suggested increased CYP2C19 func-
tion in children compared with adults [5]. Thus, the impact 
of CYP2C19 genetic variability on PPI exposure and clinical 
outcomes should be carefully considered in the pediatric 
population. For pediatric patients, emerging evidence iden-
tified the CYP2C19 genotype as a significant covariate for 
pantoprazole PK, which demonstrated that PMs and IMs 
have higher exposure, reduced clearance, and longer drug 
half-life compared with NMs [112, 113]. Furthermore, mul-
tiple clinical studies of children taking PPIs have shown the 
associations of CYP2C19 function with efficacy and adverse 
events. CYP2C19 RMs or UMs have been associated with 
reduced PPI efficacy compared with PMs and NMs, thus the 
CYP2C19*2 and *17 variants should be taken into consid-
eration in predicting the clinical outcome of therapy with 
PPIs in the pediatric population [114, 115]. Some stud-
ies showed that increased gastrointestinal and respiratory 
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infections were observed in PMs or NMs compared with 
those with increased CYP2C19 function [116, 117], but 
additional studies are required to replicate these findings. 
The data for omeprazole is lacking compared with pantopra-
zole and some studies have shown no association between 
CYP2C19 genotype and drug exposure for omeprazole [117, 
118]. We can see that the results of studies with omeprazole 
and pantoprazole in pediatric patients may be inconsistent, 
but the reasons for this are not entirely clear. Relatively few 
subjects of a certain genotype may be a factor contributing 
to the lack of association between CYP2C19 genotype and 
omeprazole exposure.

Some prospective clinical studies of CYP2C19 genotype-
guided pediatric dosing of PPI therapy have confirmed that 
this genotype tailored treatment is promising and acceptable 
in a clinical pediatric setting and may reduce PPI-associated 
adverse effects [119, 120]. The CPIC guideline contains 
pediatric-specific dosing recommendations for PPIs based 
on CYP2C19 phenotype, which are the same as those for 
adults [111]. Taken together, these data support CYP2C19 
gene-guided dosing optimization of PPI therapy in children. 
Most interestingly, the distribution of CYP2C19 alleles and 
genotypes shows wide interethnic differences. For example, 
the most prevalent genotype of CYP2C19 PM in Asians is 
CYP2C19*2, and CYP2C19*3 with loss function is typically 
rare in the general population such as Caucasians and Afri-
cans (8% vs <1%), except Asians [20, 61]. In addition, con-
sidering the relatively high frequency of the CYP2C19*17 
allele in a Chilean population (12%) [8], RM/UM genotypes 
should be taken into consideration as well when genotyping 
CYP2C19 to predict enzyme activity in individualized drug 
therapy.

3  Conclusion

Pharmacogenomics has shown evidence-based benefits in 
several therapeutic areas such as infectious disease, organ 
transplantation and immunosuppression, oncology, and neu-
rology. To date, gene-guided dosing recommendations in 
pediatric patients have been provided for several drugs such 
as VCZ, EFV, TAC, VPA, PPI, and thiopurines, whereas the 
association of pharmacogenomics with PK variability for 
CsA, CBZ, MMF, and busulfan remains controversial with 
only low-level evidence (PharmGKB level 3 or 4). Further-
more, given the high likelihood that pediatric patients would 
benefit from pharmacogenomic-guided dosing, CPIC pub-
lishes guidelines covering pediatric-specific recommenda-
tions, and several guidelines have separate recommendations 
for children and adults when a high level of PharmGKB lit-
erature evidence (level 1 or 2) for the drug–gene association 
is available (e.g., VCZ, TAC, and PPI, etc.). Furthermore, 
researchers have attempted to apply the genotype-guided 

dosing regimens to real-world situations. Gene-guided VCZ 
dosing has been successfully applied in several medical 
institutions, and the clinical utility of CYP3A5 gene-guided 
TAC dosing has been demonstrated in prospective trials, and 
preemptive testing of TPMT and NUDT15 genes for thiopu-
rines is proven to be one of the best examples of successful 
application of pharmacogenomics in pediatrics.

3.1  Future Perspectives

The complex physiologic and metabolic changes that occur 
during childhood provide the opportunity to discover pedi-
atric-specific drug–gene interactions and complicate the 
implementation of these PGx testing results in pediatrics 
clinically. For example, some enzymes such as CYP2B6 and 
TPMT are expressed at relatively constant levels through-
out childhood and into adulthood [121]. Therefore, it is 
worth considering whether genetic variation in these meta-
bolic enzymes may have similar effects on the degree of 
PK variability in children and adults. Adult data are there-
fore frequently extrapolated to the use of drugs in children 
of specific developmental stages. Nevertheless, a simple 
extrapolation is not always suitable. CYP2C9, 2C19, 2D6, 
3A4, as well as most of the UGTs have negligible activity 
at birth and reach adult activity within a few weeks (e.g., 
2D6) to several years (until post-puberty for 2C9) after birth, 
so genotyping neonates and toddlers may not be meaning-
ful [122]. We should reasonably extrapolate findings from 
adult studies to children, taking into account the maturation 
characteristics of each metabolic enzyme and transporter 
protein, and conduct more high-quality studies to validate 
pharmacogenomic associations in children.

It is well known that the frequencies of specific genotypes 
and haplotypes vary across ethnic populations, which might 
impact the dosage recommendations and limit the clinical 
utility of some PGx tests. Genetic variation affecting drug 
exposure has been most widely studied for genes in the CYP 
family, such as CYP2C19, CYP2C9, and CYP2D6. A simi-
lar ethnic difference was certainly seen in other metabolism 
genes (TPMT, UGT), as well as the SLCO1B1 transport-
ers. These findings have wide-ranging clinical implications 
for adjusting dosing because variations in DMET genes are 
closely associated with response to drug therapy. A clear 
and systematic understanding of the inter-ethnic genetic dif-
ferences in target genes is also therefore essential to guide 
effective global drug prescribing.

Recommendations for the implementation of pharma-
cogenomic tests appear to vary for different drugs, and 
challenges to clinical implementation of PGx in pediatrics 
still need further discussion. Probably the most important 
limitation to the implementation is the lack of adequately 
powered pediatric clinical trials of PGx-guided dosing for 
well-known reasons (e.g., ethical considerations, lack of 
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clinical utility, differences in gene expression and ontog-
eny across developmental stages), in addition to the high 
cost of genetic testing combined with the lack of acces-
sibility, the limited training of prescribers, and the charac-
teristics of the drug itself, etc. Preemptive genetic testing 
is essential for thiopurine drugs, which has been applied 
clinically in children as the potential adverse events (life-
threatening cytopenias) are severe. Several studies men-
tioned herein have identified some SNPs associated with 
ACT in children with cancer, highlighting the value of 
pre-exposure genetic testing as well. However, pre-pre-
scription pharmacogenetic testing appears non-urgent 
for most children receiving treatment with certain drugs 
(e.g., VCZ) whose therapeutic and toxic concentrations are 
well known to achieve target therapeutic outcomes through 
TDM strategies. Overall, this practice will ultimately help 
reduce healthcare costs when patients are initially treated 
with the drug most likely to be effective for them based on 
the results of PGx testing.

It is critical for medical practitioners to assess the 
evidence critically as more drug–gene interactions are 
demonstrated to have clinical validity for children. It can 
be seen that the clinical use of PGx testing in children 
remains uncommon due to various conflicting findings. 
Differences in study population, sample size, ethnicities, 
and concomitant medication might be possible confound-
ing factors. Clinicians may adjust the dose based on other 
information (e.g., age, concurrent medications, renal and 
liver function) when the data on pharmacogenomics in 
children is unavailable, which is almost as important as 
adjusting based on PGx [123]. Additionally, to facilitate 
the implementation of pharmacogenomics into clinical 
practice, Practitioners should be professionally trained, 
and appropriate procedural tools need to be developed 
to help clinicians properly integrate pharmacogenomics 
into their clinical practice, such as CPIC and PharmGKB. 
Focusing on pediatric PGx and encouraging cost reduc-
tions in genotyping is urgent for individualized medicine 
in children. Future directions include the incorporation of 
additional genetic, epigenetic, and clinical risk factors to 
guide the frequency of dosing and biomarker monitoring 
of various medications, with the goal of eventually imple-
menting practice guidelines for pediatric individualized 
administration.

Additionally, the clinical implementation of pediatric 
pharmacogenetics for drug dosing remains challenging due 
to a general lack of evidence-based recommendations. Our 
review reveals that, in most cases, few studies with clinically 
meaningful endpoints have been published in children and 
the majority of them have relatively small cohorts. We can’t 
simply translate the results of these observational studies 
into clinical practice. In order to make use of such infor-
mation, any identified association must be replicated in a 

validation cohort and the effect size must be convincing 
[124]. Real-world interventional data generated from the 
application of gene-guided pharmacotherapy regimens dur-
ing routine care of pediatric patients can validate known 
pharmacogenetic findings better, propelling the field of 
pediatric pharmacogenetics towards clinical implementa-
tion. Adequately powered interventional clinical studies that 
support incorporation of pharmacogenetics into the care of 
children are strongly needed.
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