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Editorial on the Research Topic

Therapeutic drug monitoring and clinical toxicology of anti-
cancer drugs
Introduction

Cancer incidence in China is currently the highest in the world, and the demand for

antineoplastic drugs is thus also growing. In the context of precision medicine and

precision pharmaceutical services, anti-tumor drugs have transitioned from traditional

chemotherapy drugs to combined use with molecular targeted drugs and

immunosuppressants. Many of these have come into clinical practice rapidly, with

recommendations to use a single dose despite significant inter-individual variability in

achieved exposure between patients.

In addition, most of these antineoplastic drugs have the characteristics of a narrow

therapeutic window, large individual differences in drug metabolism, nonlinear

pharmacokinetic characteristics and obvious organ toxicity particularly when exposure is

above recommended target exposure ranges. Further, in order to achieve personalized

medicine and precision medicine, factors such as the patient’s genes, enzymes, diseases, drug

sensitivity to tumors, multi-drug combinations and patient characteristics need to be

considered. (1–3). Therefore, along with research into cancer biology and into the effects

of these agents in different cancer genotypes or phenotypes, studies on therapeutic drug

monitoring (TDM) and population pharmacokinetics (PPK)/pharmacodynamics (PD) for

anti-cancer drugs play a crucial part in the optimization of antineoplastic regimens and

precise drug treatment. These tools can minimize drug-induced toxicity and maximize the

treatment outcome. In addition, although antitumor drugs have changed from conventional

chemotherapeutic drugs with low selectivity and high toxicity to molecular targeted drugs
frontiersin.org01
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with high selectivity and low toxicity, the related adverse events

(AEs) involving vital organs, such as related cardiotoxicity,

endocrine, gut and liver toxicity, cause significant morbidity and

sometimes death (4–7). The in-depth toxicological research of

these newer therapies in the clinical setting is vital to better

understand the factors contributing to toxic effects and provide

guidance for improved drug use.

In this special issue, 24 manuscripts, including nine review

articles and fifteen original research articles providing a wide

discussion of TDM and clinical toxicology of antineoplastic

agents in different clinical settings. This special issue thus aims

to both provide guidance on more individualized drug

administration plans for treatment using TDM and PPK/PD

research and to understand the potential mechanism of

antitumor drugs therapeutic and toxic side effects.

Firstly, there were some articles and reviews that explored

and provided an update on research progress of PPK, PD and

TDM in the response and toxicity of anti-tumor drugs. Wen

et al. systematically reviewed the recent progress of PK-PD

modeling in predicting cardiovascular adverse reactions and

how to manage this in the clinical setting. He et al.

summarized the existing evidence of the clinical PK variation

of dasatinib concentration-response relationships and advice on

development of methods for individualizing the dosage of

administration. In addition, Barnett et al. provided a summary

of current research using TDM in pediatric cancer and

implementing TDM-based dosing recommendations. And

Huang et al. built a new PK model of busulfan (BU) providing

guidance for patients of Chinese descent to achieve

individualized and optimal dosage regimens.

Then, plasma obtained by conventional venous blood sampling is

usually standard matrix for TDM of antineoplastic drugs, with LC-

MS/MS the conventional method of choice for measuring TDM. As

an update, tomeasure 6-thioguanine and 6-methylmercaptopurine in

red blood cells, Bajaj et al. used a LC-MS/MS method, evaluating the

association between TM concentrations, thiopurine-S-

methyltransferase (TPMT) phenotype and genotype testing. This

provided a new approach for thiopurine TDM to minimize

myelosuppression and the risk of hepatotoxicity. In addition, Guo

et al. used HPLC-HG-AFS to analyze the concentrations of inorganic

arsenic, methyl methacrylate (MMA) and nitrosodimethylamine

(DMA) and used this to discuss features of intrauterine arsenic

concentration, the permeability of the placenta to arsenic trioxide

(ATO) and its metabolites and provided the first risk evaluation of

ATO in pregnant women with acute promyelocytic leukemia.

Verougstraete et al. summarized various analysis measuring

methods of kinase inhibitors based on emerging dried blood

microsample technique, which is minimally invasive and

considered convenient and simple.

Third, there are also several systematic reviews and meta-

analysis highlighting the toxicity and response of antineoplastic

drugs. Zhang et al. identified the effectiveness and risk of adding

capecitabine to the chemotherapy for triple negative breast cancer
Frontiers in Oncology 02
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through a meta-analysis. Song et al. and Zhang et al. conducted

both systematic review and meta-analysis to analyse the effects of

genetic polymorphisms on the toxicity and response of high-dose

methotrexate (HD-MTX) and response in tumor. In addition, Yang

et al. conducted a pharmacovigilance study showing enfortumab

vedotin (EV) was associated with severe skin toxicities. Meanwhile,

based on the information from Henan Province’s spontaneous

reporting system database, Jiao et al. analyzed potential organ

toxicities in Chinese pediatric subjects, an area with a previous

dearth of data. What’s more, Zhao et al. showed PARP inhibitors

may induce myelodysplastic syndrome (MDS) and acute myeloid

leukemia (AML), with some at higher risk than others. Yu et al. via
a post-marketing surveillance research evaluated the risk of

oxaliplatin (OXA) in 3687 Chinese cancer patients. Zhu et al.

found SOAT1 can be a prospective prognostic indicator in gastric

cancer and may help the clinical dosing regimen.

Besides, He et al. attempted to build a risk scoring model

based on gene polymorphisms to predict adverse drug reactions

caused by HD-MTX in children (age ≤ 16 years) especially

hepatotoxicity based on various relevant indicators. This model

informed the MTX regimen and using it reduced toxicity. Han

et al. used retrospective and multicenter clinical data to establish

a risk scoring system through machine learning methods for

predicting liver injury with tyrosine kinase inhibitors. In general,

by measuring drug exposure, pharmacological indexes or

pharmacodynamic indicators in tumor patients, using

technologies such as PPK, PD, TDM and databases to achieve

individualized drug treatment these studies have provided

individualized dosing regimens.

Meanwhile, in our special issue, 5 manuscripts described and

summarized the potential molecular regulatory mechanisms of

anti-tumor drugs to exert therapeutic effects and produce toxic

side effects. Li et al. detailed the molecular pathways of kinase

inhibitors induced EGFR-skin toxicity, strategies to attenuate severe

skin toxicity, and provided information to manage such skin

reactions. Yang et al. systematically reviewed the probable

mechanisms, clinical features, diagnostic method, intervention

measures and the most recent advancements in cardiotoxicity of

ErbB2-targeting drugs, providing guidance for clinical practice. Han

et al reviewed the current epidemiology, risk indicators, molecular

regulation mechanisms, prevention and management of irinotecan-

induced steatohepatitis, and Guo et al. showed that the kinase

inhibitors crizotinib and sunitinib induced hepatotoxicity via

oxidative stress and mitochondrial apoptosis pathways, suggesting

Nrf2 might be a therapeutic target. Du et al. found that the

inhibition of PRR could attenuate RAC1-NOX4 pathway and

reduce ROS accumulation to weaken doxorubicin-induced heart

failure, thus providing a prospective approach to the management

of DOX-triggered heart failure. In general, these studies above have

indicated the research actuality of anti-tumor drug-induced diseases

and potential molecular regulatory mechanisms of toxicity.

Finally, in our special issue, there were also two manuscripts

that explored risk management and effectiveness of PD-1/PD-L1
frontiersin.org
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inhibitors. A case report (Tu et al.) showed that the use of

avatrombopag in two cases of anti-PD-1 antibody-caused

acquired megakaryocytic thrombocytopenia was successful,

proposing a promising therapeutic option for this disease. Zhang

et al. comprehensively summarized the molecular regulatory

mechanisms of immune-related adverse events, the risk and

therapeutic effect of PD-1/PD-L1 inhibitors administration in

AID subjects, the prevention and control of organ toxicity and

provides several promising treatment methods.

Taken together, this Research Topic contributes an update of

the current clinical research into TDM and clinical toxicology of

antineoplastic drugs to improve use of anti-tumor therapy,

guiding clinical dose adjustment, and promoting the

development of precision medicine.
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A Risk Scoring Model for High-Dose
Methotrexate-Induced Liver Injury in
Children With Acute Lymphoblastic
Leukemia Based on Gene
Polymorphism Study
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1Department of Pharmacy, Sichuan Academy of Medical Sciences and Sichuan Provincial People’s Hospital, Chengdu, China,
2Personalized Drug Therapy Key Laboratory of Sichuan Province, School of Medicine, University of Electronic Science and
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Chinese Medicine, Chengdu, China, 5Xi’an Jiaotong-liverpool University, Xi’an, China, 6Beijing Medicinovo Technology Co. Ltd.,
Beijing, China, 7Dalian Medicinovo Technology Co. Ltd., Dalian, China

A study on 70 acute lymphoblastic leukemia (ALL) children (age ≤16 years) treated with
high-dose methotrexate (HD-MTX) in Sichuan Provincial People’s Hospital was
conducted. The aim of the study was to establish a risk-scoring model to predict HD-
MTX-induced liver injury, considering gene polymorphisms’ effects. Data screening was
performed through t-test, chi-square test, and ridge regression, and six predictors were
identified: age, MTRR_AA, MTRR_AG, SLCO1B1_11045879_CC, albumin_1 day before
MTX administration, and IBIL_1 day before MTX administration (p < 0.1). Then, the risk-
scoring model was established by ridge regression and evaluated the prediction
performance. In a training cohort (n � 49), the area under the curve (AUC) was 0.76,
and metrics including accuracy, precision, sensitivity, specificity, positive predictive value,
and negative predictive value were promising (0.86, 0.81, 0.76, 0.91, 0.81, 0.88,
respectively). In a test cohort (n � 21), the AUC was 0.62 and negative predictive value
was 0.80; other evaluationmetrics were not satisfactory, possibly due to the limited sample
size. Ultimately, the risk scores were stratified into three groups based on their
distributions: low- (≤48), medium- (49–89), and high-risk (>89) groups. This study
could provide knowledge for the prediction of HD-MTX-induced liver injury and
reference for the clinical medication.

Keywords: acute lymphoblastic leukemia, high-dose methotrexate, liver injury, gene polymorphism, ridge
regression model, children

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a malignancy with high incidence in children aged between 1
and 5 years, which needs a long course of treatment (Preethi, 2014). In China, about 12,000 children
aged below 16 are newly diagnosed with acute leukemia annually (Tang et al., 2008). Fortunately, due
to the development of new drugs and precise chemotherapy, the outcome of pediatric ALL has been
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improved significantly over the past years; the 5-years survival
rate is expected to increase up to 90% (Imanishi et al., 2007; Yang
et al., 2012). High-dose methotrexate (HD-MTX) treatment
during the consolidation phase is a major component in ALL
treatment protocols (Erčulj et al., 2012). MTX is a folate reductase
inhibitor and is stored in cells as polyglutamates (Fotoohi and
Albertioni, 2008; Elbarbary et al., 2016). Being a result of long-
term MTX treatment, the polyglutamates accumulate to higher
levels, leading to a longer intracellular presence of the drug
(Elbarbary et al., 2016). Previous reports demonstrate a variety
of toxic reactions caused by HD-MTX, and liver injury is one of
the serious adverse events (ADEs) (Schmiegelow, 2009; Conway
and Carey, 2017). MTX-induced liver injury has been studied in
patients aged >18 years with rheumatoid arthritis (RA); for
instance, Japanese researchers investigated the risk factors for
abnormal hepatic enzyme elevation by MTX in adult RA patients
(Hakamata et al., 2018). However, the influencing factors of HD-
MTX and its risk prediction model for ALL children have not
been sufficiently explored.

Most ADEs of MTX treatment show individual differences,
which can be partly explained by the gene sequence variation of
proteins or transporters during the metabolism or excretion of
MTX (Schmiegelow, 2009; Mikkelsen et al., 2011; Csordas et al.,
2014; Moriyama et al., 2015). Recently, polymorphisms in genes
are believed important to MTX pharmacokinetics, affecting MTX
toxicity by altering the expression and activities of folate pathway
enzymes (Csordas et al., 2014). Several genes play key roles in the
MTXmetabolism and transport pathway (Figure 1). MTX can be
transformed into MTX polyglutamic (MTXPGs) with higher
activity and toxicity, which is mediated by folylpolyglutamate

synthetase (FPGS) and gamma-glutamyl hydrolase (GGH)
(Fotoohi and Albertioni, 2008). Both MTX and MTXPGs
combine with dihydrofolate reductase (DHFR) that blocks the
reduction of dihydrofolate to tetrahydrofolate competitively
(Fotoohi and Albertioni, 2008). As an intermediate metabolite,
tetrahydrofolate can be changed into methylenetetrahydrofolate
and methyltetrahydrofolate via serine hydroxymethyl transferase
1 (SHMT1) and methylenetetrahydrofolate reductase (MTHFR),
correlating to MTX hepatic toxicity (Schmiegelow, 2009). There
are also reports indicating that certain polymorphisms in
methionine synthase reductase (MTRR) can decrease
homocysteine levels and increase folate and cobalamin levels
(Lv et al., 2018). Additionally, solute carrier organic anion
transporter 1B1 (SLCO1B1) has been described as a
membrane transporter involved in the clearance of MTX
(Lopez-Lopez et al., 2011; Niemi et al., 2011). Clarifying the
relationship between gene polymorphisms and HD-MTX-
induced liver injury will be helpful for risk prediction and
individualized optimal therapy (Kantar et al., 2009).

METHODS

Study Population
A total of 70 hospitalized Chinese Han children aged 1–16 years
were enrolled in this study and were diagnosed with ALL and
treated in Sichuan Provincial People’s Hospital from October
2015 to August 2018. The specific diagnostic criteria and ALL risk
classification were administered according to the
Recommendations for Diagnosis and Treatment of Childhood

FIGURE 1 | Methotrexate pathway. Yellow circles show genes selected in the present study. Abbreviations: MTX, methotrexate; RFC1, reduced folate carrier-1;
SLCO1B1, solute carrier organic anion transporter family member 1B1; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; TYMS,
thymidylate synthetase; MTXPG, the polyglutamated forms of MTX; GGH, gamma-glutamyl hydrolase; FPGS, folylpolyglutamate synthetase; Hcy, homocysteine;
MTRR, methionine synthase reductase; Met, Methionine; 5-CH3-THF, 5-methyltetrahydrofolate; THF, tetrahydrofolate; MTHFR, methylenetetrahydrofolate
reductase; 5,10-CH2 � THF, 5,10-methylenetetrahydrofolate; DHF, dihydrofolate; DHFR, dihydrofolate reductase; SHMT1, serine hydroxymethyl transferase 1.
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Acute Lymphoblastic Leukemia (Version 4.0). Pediatric ALL
patients received regimens referring to the widely used
Chinese Children’s Leukemia Group (CCLG)-ALL 2008
protocols (Cui et al., 2018).

The inclusion criteria were 1) Han children aged 1–16 years
who were hospitalized and used the CCLG-2008 chemotherapy
regimen; 2) all patients were completely relieved after induction
therapy and were in the consolidation phase of HD-MTX
treatment; 3) their liver and kidney function indexes were
normal before HD-MTX treatment; 4) parents or guardians
agreed to sign the informed consent. Among all candidates,
those with severe myelosuppression (or anemia),
gastrointestinal reactions, rash, liver injury, other
hematological diseases before HD-MTX treatment and MTX
contraindications were excluded. The workflow of selecting
eligible patients is displayed in Figure 2. The study population
was randomly divided into training and test cohorts (7:3). All
patients were followed up for clinical and laboratory parameters
because they received HD-MTX treatment for the first time to
assess the development of liver injury. All demographic, clinical,
laboratory, and medication data were obtained as the input
variables.

This study was approved by the Ethics Committee of Sichuan
Provincial People’s Hospital. In all cases, informed consent was
obtained from the parents or guardians of each participant in
advance. Our study is registered in the Clinical Trial Management
Public Platform (ChiCTR1800015307).

MTX Treatment and Toxicity Assessment
According to the Recommendations for Diagnosis and Treatment
of Childhood Acute Lymphoblastic Leukemia (Version 4.0),
MTX for injection (Jiangsu Hengrui Pharmaceutical Co.,
LTD., National Drug Approval Number H32026197, 1g/dose)
was given at 5.0 g/m2 to the patients in the medium- and high-
risk grades, dosage of MTX was 2.0 g/m2 in the low-risk group,
and both were calculated by body surface area. One tenth of the
total MTX dose was administered as an assault dose in the first
30 min at a rapid intravenous drip, and the remaining dose was
administered at a constant intravenous drip in the following
23.5 h. After HD-MTX administration, leucovorin (Jiangsu
Hengrui Pharmaceutical Co., LTD., National Drug Approval
Number H32022391, 100 mg/dose) was administered at
15 mg/m2 per time as rescue therapy to reduce the toxicity at
42, 48, and 54 h, respectively, until MTX blood concentration was

FIGURE 2 | Flowchart of patient inclusion. Abbreviations: CCLG-2008, Chinese Children’s Leukemia Group-2008 protocols; MTX, methotrexate; HD-MTX, high-
dose methotrexate.
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≤0.1 mol/L. If patients had delayed elimination, leucovorin at the
same dose was given 1–3 times (Q6h) as supplements. Hydration
and alkalinization were required 3 days before and after HD-MTX
treatment. The venous blood was collected in the anticoagulant tube
at 48 and 72 h after intravenous infusion of MTX. The plasma
concentration of MTX was determined by homogeneous enzyme
amplification immunoassay (Viva-E, Siemens).

The identification of liver injury used alanine transaminase
(ALT) and/or aspartate aminotransferase (AST) as indexes. The
normal value of both ALT and AST is 0–40 U/L. According to the
National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI-CTCAE v4.03) scale, hepatic toxicity of
severity grade 2 and above (grade 2, medium; grade 3, severe;
grade 4, life-threatening; and grade 5, fatal) is considered as liver
injury (National Institute of Can, 2009). To be specific,
hepatotoxicity over grade 2 is defined as the levels of ALT and/or
AST over the upper limit of the normal value (40 U/L) by three to
five times with no symptoms or exceeding the upper limit of the
normal value by three times with aggravated symptoms, such as
fatigue, nausea, vomiting, pain or tenderness in the upper right
abdomen, fever, rash, and eosinophilia (National Institute of Can,
2009). ALT and AST were measured 1 day before and 3 and 7 days
after HD-MTX administration (Beckman AU5800).

Variable Selection
Genotyping Analysis
Because of the prominent contribution to MTX toxicity among
individuals, we analyzed up to 10 polymorphisms in seven genes
(MTHFR, MTRR, SLCO1B1, FPGS, GGH, SHMT1, and DHFR)
from the MTX metabolism and transport pathway.

In this study, real-time fluorescence quantitative polymerase chain
reaction (PCR) was used to detect the gene analysis of patients. First,
the blood genome column small volume extraction kit (Beijing
Kangwei Century Biotechnology Co., LTD.) was used to extract the
peripheral blood DNA of the children in strict accordance with its
instructions. The concentration and purity of DNA were detected by
NanoDrop 2000 (Thermo Fisher Scientific, United States) [DNA
concentration was 10–30 ng/μl; purity (A260 nm/A280 nm) was
1.6–2.0]. The PCR instrument was ABI 7500 real-time quantitative
PCR (Thermo Fisher Scientific, United States). MTHFR rs1801133,
1801131,MTRR rs1801394, SLCO1B1 rs2806283, and rs4149056 used
gene test kits as follows: MTHFR (C677T) gene test kit (National
instrument Approval Word 20173401322), MTRR and MTHFR
(A1298C) gene test kit (Hubei Food and Drug Supervision
Equipment Production License 20120580), SLCO1B1 and ApoE
gene test kit (National Instrument Approval License 20153400245;
Wuhan Youzhiyou Medical Technology Co., LTD.). Primers and
probes were designed and synthesized byWuhan Youzhiyou Medical
Technology Co., LTD., which is illustrated in Supplementary Table
S1. PCR reaction system (25 μl): DNA template 1 μl and amplification
reagent 24 μl (including PCR buffer, dNTPs, specific primer and
probe, internal primer and probe, Taq enzyme, UNG enzyme);
reaction conditions: pretreatment at 37°C for 10min,
predenaturation at 95°C for 5min, denaturation at 95°C for 15 s,
annealing at 60°C for 60 s (MTHFR and MTRR)/45s (SLCO1B1), a
total of 40 cycles. We purchased TaqMan™ single nucleotide
polymorphism (SNP) Genetyping Assays to detect loci: SLCO1B1

rs11045879 (ID: C_31106904_10), FPGS rs11545078 (ID:
C_25623170_10), GGHS rs11545078 (ID: C_25623170_10), SHMT1
rs1979277 (ID: C_3063127_10), DHFR rs408626 (ID: C_921,481_20).
Reaction system (total 25 μl): DNA template 1 μl, Master Mix 12.5 μl,
20×TaqMan SNP Genotyping Assay working fluid 1.25 μl,
supplemented with ddH2O 25 μl; reaction conditions: pretreatment
at 60°C for 20 s, predenaturation at 95°C for 5min, denaturation at
95°C for 5 s, annealing at 60°C for 60 s, a total of 40 cycles; extended at
60°C for 5min.

Nongenetic Analysis
There are some nongenetic factors relating to hepatotoxicity. In
addition to demographic factors (age, gender, height, weight,
BMI, and body surface), some laboratory indexes were included
for screening, such as complete blood counts, hemoglobin,
albumin, bilirubin, ALT, AST, alkaline phosphatase (ALP) and
gamma glutamyl transferase (GGT). The indicators for renal
function were taken into consideration as well, including
creatinine (Cr), blood urea nitrogen (BUN), urine protein, and
urine pH. MTX dosage and plasma concentration at 48 and 72 h
were also influencing factors of MTX toxicity.

Model Construction and Evaluation
Ridge regression was applied to construct the model, which is a
parameter estimation method and can address the collinearity
problem for multiple linear regressions without reducing
variables from the original data set (Mcdonald, 2010). On the
other side, to achieve better estimation of the model coefficients,
ridge regression can eliminate the bias of the correlations between
variables. The regression coefficient βi of each variable in ridge
regression was weighted through the following formula:

βi
∧ � round⎛⎝ βi

min(∣∣∣∣β1,...,K∣∣∣∣)/2⎞⎠
After weighting the regression coefficient for each predictor, we

got the risk-score calculation formula for liver injury. The cumulative
risk score for each patient was calculated from the formula by
summation of these weightings for respective predictors. Higher
score indicates greater risk of liver injury. Risk groups for liver injury
were stratified according to the distribution of patients’ total risk
scores. On this basis, we set the score less than the lower quartile as
low-risk (LR) level, score between the lower and upper quartile as
medium-risk (MR) level, and score higher than the upper quartile as
high-risk (HR) level. Model performance was evaluated through the
receiver operating characteristic (ROC) curve and the value of area
under the curve (AUC), which represent the overall ability of
classification and prediction. Additional statistics, such as
accuracy, sensitivity, specificity, positive predictive value, and
negative predictive value were obtained.

Statistical Analysis
Based on the significant variables after preliminary screening, the
categorical variables were binarized with one-hot encoding.
Univariate analysis was performed through two independent
sample t-tests on continuous variables and a chi-square test on
categorical variables with significance level at p < 0.1. After that, the
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important variables were further selected by ridge regression with a
ranking of importance scores. Subsequently, the random forest
(RF) method was used to fill in the missing values. RF shows the
ability of imputing missing data into the given data set with high
accuracy and less computation time (Pantanowitz and Marwala,
2009). Then, t-tests and chi-square tests were applied to verify the
differences between variable characteristics of the training and test
cohorts. Ridge regression was used to establish the risk scoring
model. Ultimately, the distribution of three risk groups was given,
and intergroup differences were assessed by chi-square test.

Data were collected, coded, and entered to the Statistical Package
for the Social Sciences software version 22.0 and Python 3.7.0.

RESULTS

Baseline Information
A total of 70 childrenwithALLwere enrolled in our study, including 45
males (64.3%) and 25 females (35.7%), and the median age was 7.5 in a
range between 1 and 16 years. The ratio of patients with to those
without liver injury was about 1:2. In total, we collected 45 variables
from clinical data and genotypes; the basic characteristics are listed in
Tables 1, 2. The majority of patients had B-cell ALL (64.3%), and 67
patients were classified as MR or HR grade (95.7%). The medianMTX
dose administered for patients was 4 [interquartile range (IQR) 2.5–5.0]
g, the median MTX concentration measured at 48 h was 0.39 (IQR
0.25–0.64) umol/l, and 33 patients (47.1%) had MTX concentration
measured at 72 h> 0.1 umol/l. The detailedMTXplasma concentration
values are shown in Supplementary Table S2. The median ALT and
AST tested 1 day before HD-MTX treatment were 22.0 (IQR
14.0–36.8) U/L and 32.0 (IQR 23.0–38.0) U/L, respectively. After
starting the MTX therapy regimen, liver injury occurred in 32.9%
(n � 23) of the patients. The basic genotype information and
distribution are shown in Table 2. According to the calculated
results, the polymorphisms included in the model were in
Hardy–Weinberg equilibrium, which means samples in our study
are representative.

Selected Variables
The outcome of univariate analysis through t-tests and chi-square
tests is illustrated inTable 3, which demonstrates the relationships of
all variables to the liver injury. After data screening, seven variables
were identified to make statistically significant contributions to liver
injury (p < 0.1), including age, MTRR_AA, MTRR_AG,
SLCO1B1_11045879_CC, lymphocyte (LYM) count_1 day before
MTX administration, albumin_1 day before MTX administration,
and indirect bilirubin (IBIL)_1 day before MTX administration with
p values of 0.091, 0.003, 0.001, 0.096, 0.019, 0.094, and 0.068,
respectively (shown in Table 3). Subsequently, importance scores
of the seven variables were calculated and ranked through ridge
regression, whichwereMTRR_AG (1.349), SLCO1B1_11045879_CC
(0.963), albumin_1 day before MTX administration (0.730),
MTRR_AA (0.558), age (0.443), IBIL_1 day before MTX
administration (0.348), and LYM count_1 day before MTX
administration (0.032) in descending order. Because LYM
count_1 day before MTX administration had the lowest importance
score that differed greatly from other variables and for the purpose of

TABLE 1 | Baseline characteristics of study population.

Variable Value

Target variable
Liver injury, n (%) 23 (32.9%)
Demographic information
Age, year, median (IQR) 7.5 (4–12)
Gender, n (%)
Male 45 (64.3%)
Female 25 (35.7%)

Height, cm, median (IQR) 119.5 (99.3–154.5)
Weight, kg, median (IQR) 24.8 (15.0–40.8)
Body surface area, m2, median (IQR) 0.9 (0.6–1.3)
BMI, kg/m2, median (IQR) 16.8 (15.7–18.8)
MTX information
Dose, g, median (IQR) 4.0 (2.5–5.0)
C48h, umol/l, median (IQR) 0.39 (0.25–0.64)
C48h after dose correction, umol/l, median (IQR) 0.13 (0.08–0.28)
C72h ≤ 0.1 μmol/L, n% 37 (52.9%)
C72h > 0.1 μmol/L, n% 33 (47.1%)
ALL information
Immunophenotype, n (%)
B-cell 45 (64.3%)
T-cell 12 (17.1%)
Others 13 (18.6%)
Risk grade
LR 3 (4.3%)
MR 18 (25.7%)
HR 49 (70.0%)
Assay index
WBC count_1 day before MTX administration, 109/L,
median (IQR)

3.3 (2.3–5.5)

NEU count_1 day before MTX administration, 109/L,
median (IQR)

1.5 (0.8–2.7)

LYM count_1 day before MTX administration, 109/L,
median (IQR)

1.2 (0.8–1.6)

EOS count_1 day before MTX administration, 109/L,
median (IQR)

0.019
(0.000–0.078)

BASO count_1 day before MTX administration, 109/L,
median (IQR)

0.010
(0.000–0.030)

RBC count_1 day before MTX administration, 1012/L,
median (IQR)

3.2 (2.7–3.7)

PLT count_1 day before MTX administration, 109/L,
median (IQR)

239.5
(176.3–408.0)

Hb_1 day before MTX administration, g/L, median (IQR) 98.0 (83.3–107.0)
ALT_1 day before MTX administration, U/L, median (IQR) 22.0 (14.0–36.8)
AST_1 day before MTX administration, U/L, median (IQR) 32.0 (23.0–38.0)
Cr_1 day before MTX administration, μmol/L, median (IQR) 26.2 (20.8–37.5)
BUN_1 day before MTX administration, mmol/L, median (IQR) 3.8 (2.7–4.6)
Albumin_1 day before MTX administration, g/L, median (IQR) 41.9 (38.7–44.9)
Globin_1 day before MTX administration, g/L, median (IQR) 20.2 (17.9–23.8)
TP_1 day before MTX administration, g/L, median (IQR) 62.6 (59.0–57.5)
Globin/Albumin_1 day beforeMTX administration, median (IQR) 2.1 (1.7–2.4)
ALP_1 day before MTX administration, U/L, median (IQR) 155.0

(115.0–212.0)
GGT_1 day before MTX administration, U/L, median (IQR) 21.0 (13.0–40.0)
Urine protein_1 day before MTX administration, g, median (IQR) 0 (0–0)
Urine pH_1 day before MTX administration, median (IQR) 7.5 (7.5–8.0)
TBIL_1 day before MTX administration, μmoI/L, median (IQR) 9.6 (6.7–15.8)
DBIL_1 day before MTX administration, μmoI/L, median (IQR) 3.1 (2.3–4.3)
IBIL_1 day before MTX administration, μmoI/L, median (IQR) 7.0 (4.3–10.8)

Abbreviation: BMI, body mass index; MTX, methotrexate; ALL, acute lymphoblastic
leukemia; C48h, 48-h blood concentration; C72h, 72-h blood concentration; LR, low-
risk; MR, medium-risk; HR, high-risk; WBC, white blood cells; NEU, neutrophil; LYM,
lymphocyte; EOS, eosnophils; BASO, basophils; RBC, red blood cells; PLT, platelet;
Hb, hemoglobin; ALT, alanine transaminase; AST, aspartate aminotransferase; Cr,
creatinine; BUN, blood urea nitrogen; A/G, the ratio of albumin to globin; TP, total
protein; ALP, alkaline phosphatase; GGT, gamma glutamyl transpeptidase; TBIL, total
bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin.
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model simplicity, it was excluded as the final predictor. The top six
variables were applied as predictors for liver injury, including age,
MTRR_AA, MTRR_AG, SLCO1B1_11045879_CC, albumin_1 day
before MTX administration, and IBIL_1 day before MTX
administration. After interpolation of missing values via RF, a
comparison of important variable characteristics between training
and test cohorts was established (Table 4). At the confidence level
of 0.05, there was no significant difference between the characteristics
of each variable in the training and test cohorts.

Model Construction and Evaluation
The model of predictors for liver injury achieved good discrimination
and reached the AUC of 0.76 and 0.62 in the training and test cohorts,
respectively, as depicted in Figure 3. Additional statistics representing

model performance are illustrated in Table 5. The model had
remarkable accuracy and precision in the training cohort (0.86 and
0.81, respectively), demonstrating its adequate capacity to predict risks
accurately and precisely. The value of specificity in the training cohort
was high (0.91), showing a good ability to reduce false positives. Of all
metrics, themajority in the test cohort had relatively low values, possibly
due to the small sample size. Nevertheless, the negative predictive value
was good (0.80), indicating low likelihood that no disease was found in
negative subjects.

The Risk-Scoring Model
In the ridge regression model, the regression coefficient βi of each
predictor was weighted and estimated. After that, the risk-score
calculation formula for liver injury was obtained as follows:

TABLE 2 | Basic information and distribution of genotypes.

Genes (RS
no.)

Genotype N (%) Allele Frequency Hardy–Weinberg
equilibrium

X2 p

MTHFR (rs1801133) CC 25 (35.7%) C 0.62 1.07 0.59
CT 37 (52.9%) Ca 0.71
TT 8 (11.4%) T 0.38

Ta 0.29
MTHFR (rs1801131) AA 38 (54.3%) A 0.74 0.15 0.93

AC 28 (40.0%) Aa 0.84
CC 4 (5.7%) C 0.26

Ca 0.16
SLCO1B1 (rs11045879) CC 10 (14.3%) C 0.41 0.63 0.73

CT 37 (52.9%) Ca 0.45
TT 23 (32.9%) T 0.59

Ta 0.55
SLCO1B1 (rs2306283) AA 2 (2.9%) A 0.20 0.36 0.84

AG 24 (34.3%) Aa 0.21
GG 44 (62.9%) G 0.80

Ga 0.80
SLCO1B1 (rs4149056) TT 54 (77.1%) T 0.86 6.3 0.04

CT 12 (17.1%) Ta 0.88
CC 4 (5.7%) C 0.14

Ca 0.12

FPGS (rs1544105) CC 10 (14.3%) C 0.32 2.3 0.32
CT 25 (35.7%) Ca 0.31
TT 35 (50.0%) T 0.68

Ta 0.70
GGH (rs11545078) GG 65 (92.9%) G 0.96 0.1 0.95

AG 5 (7.1%) Ga 0.92
AA 0 (0.0%) A 0.04

Aa 0.08
SHMT1 (rs1979277) GG 59 (84.3%) G 0.92 0.51 0.78

AG 11 (15.7%) Ga 0.95
AA 0 (0.0%) A 0.08

Aa 0.05
DHFR (rs408626) TT 4 (5.7%) T 0.32 3.14 0.21

CT 37 (52.9%) Ta 0.35
CC 29 (41.4%) C 0.68

Ca 0.65
MTRR (rs1801394) AA 31 (44.3%) A 0.67 0.09 0.96

AG 32 (45.7%) Aa 0.73
GG 7 (10.0%) G 0.33

Ga 0.27

aReference allele, data from the PharmGKB Drug Genome Library of the East Asian, a sample of over 3,000 people, https:/www.pharmgkb.org.
bp > .05 showed data was accord with the Hardy–Weinberg equilibrium.
Abbreviations: RS, reference single nucleotide polymorphism.
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TABLE 3 | Significance analysis of the influencing variables of liver injury.

Variable t statistics χ2 statistics p-value Odds ratio (95% CI)

Age −1.71 — 0.091
Gender — 0.17 0.676 1.246 (0.444–3.496)
Height −0.43 — 0.671
Weight −0.52 — 0.606
Body surface area −0.48 — 0.630
BMI −0.80 — 0.426
Dosage −1.45 — 0.150
C48h −0.187 — 0.852
C48h after dose correction 0.471 — 0.639
C72h — 0.88 0.348 0.616 (0.223–1.698)
Immunophenotype —

B-cell — 0.01 0.909 1.063 (0.374–3.019)
T-cell — 0.001 0.969 1.026 (0.274–3.840)
Others — 0.03 0.859 0.889 (0.242–3.262)
Risk grade —

LR — 1.53 0.216
MR — 0.28 0.594 0.726 (0.223–2.362)
HR — 1.11 0.291 1.852 (0.582–5.927)
MTHFR_C677T —

CC — 0.01 0.909 0.941 (0.331–2.674)
CT — 0.19 0.667 1.246 (0.457–3.398)
TT — 0.25 0.615 0.651 (0.121–3.508)
MTHFRA1298C —

AA — 0.06 0.804 0.881 (0.324–2.395)
AC — 0.17 0.678 1.239 (0.450–3.412)
CC — 0.12 0.730 0.667 (0.065–6.786)
MTRR —

AA — 8.87 0.003 4.876 (1.657–14.350)
AG — 11.07 0.001 0.143 (0.042–0.487)
GG — 0.35 0.553 1.613 (0.329–7.893)
SLCO1B1_11045879 —

CC — 2.76 0.096 0.192 (0.023–1.618)
CT — 2.10 0.147 2.131 (0.759–5.979)
TT — 0.09 0.763 0.848 (0.290–2.480)
SLCO1B1*1b (rs2306283_A > G) —

AA — 1.01 0.316 0.957 (0.901–1.017)
AG — 0.004 0.951 1.033 (0.362–2.950)
GG — 0.08 0.775 1.164 (0.411–3.294)
SLCO1B1*5 (rs4149056_T > C) —

TT — 0.58 0.446 1.629 (0.461–5.752)
TC — 0.001 0.969 1.026 (0.274–3.840)
CC — 2.08 0.150 0.915 (0.838–0.998)
FPGS (rs1544105_C > T) —

CC — 0.04 0.835 0.857 (0.200–3.673)
CT — 0.17 0.676 1.246 (0.444–3.496)
TT — 0.07 0.799 0.878 (0.324–2.384)
GGH (rs11545078_A > G) — 0.40 0.525 0.489 (0.051–4.639)
SHMT1 (rs1979277_A > G) — 1.27 0.259 0.402 (0.079–2.036)
DHFR (rs408626_T > C) —

TT — 0.12 0.730 0.667 (0.065–6.786)
TC — 1.21 0.271 0.570 (0.208–1.560)
CC — 1.63 0.202 1.925 (0.700–5.294)
WBC count_1 day before MTX administration −0.2 — 0.842
NEU count_1 day before MTX administration 0.07 — 0.949
LYM count_1 day before MTX administration 0.10 — 0.019
EOS count_1 day before MTX administration 1.07 — 0.289
BASO count_1 day before MTX administration −1.16 — 0.251
RBC count_1 day before MTX administration −0.93 — 0.363
PLT count_1 day before MTX administration 0.06 — 0.954
Hb_1 day before MTX administration −0.01 — 0.995
ALT_1 day before MTX administration −0.69 — 0.494
AST_1 day before MTX administration −0.91 — 0.364
Cr_1 day before MTX administration 0.88 — 0.385
BUN_1 day before MTX administration 0.73 — 0.465

(Continued on following page)
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Risk score � 1*age - 1*albumin_1 day before MTX
administration +1 *IBIL_1 day before MTX administration -
25*MTRR_AA- 61*MTRR_AG - 44*SLCO1B1_11045879_CC + 140.

The data of patients in the training cohort were substituted into the
formula, and the patients’ total scores were calculated, showing the
score distribution with a range from 10 to 128 (Table 6). According to
the upper and lower quartile levels of total risk scores, we stratified the
risk scores into three groups, representing the LR (≤48), MR (48–89),
and HR (>89) groups. The distribution of patients with liver injury
among different risk groups in the training and test cohorts is
displayed in Figure 4. We can see an ascending trend that liver
injury occurred from LR to HR groups in both cohorts, and the
intergroup differences of LR-HR and MR-HR in the training cohort
were significant (p < 0.01), indicating that the model had good
differentiating ability between LR-HR and MR-HR levels. However,
there was no significant difference between groups in the test cohort,
probably due to the limited amount of the test sample. The distribution
of patientswith liver injury among different risk groupswas that, in the
training cohort, there was one patient in the LR group, seven patients

in theMR group, and nine patients in the HR group; in the test group,
there were zero patients in the LR group, three patients in the MR
group, and three patients in the HR group.

DISCUSSION

The present study focuses on investigating the associations between
clinical, genetic, and laboratory factors and HD-MTX-induced liver
injury in pediatric ALL patients in China, constructing a risk-scoring
model and endeavoring to achieve a balance between the efficacy and
toxicity of HD-MTX treatment.

The identification of important factors is crucial, and multiple
covariates have demonstrated their significance in previous studies.
A population pharmacokinetic model was constructed for ALL
children, finding age and total body weight as significant
influencing factors in MTX clearance (Aumente et al., 2006). It
illustrates an inverse relationship between MTX clearance and
patient age, which means younger patients show faster

TABLE 3 | (Continued) Significance analysis of the influencing variables of liver injury.

Variable t statistics χ2 statistics p-value Odds ratio (95% CI)

Albumin_1 day before MTX administration 1.70 — 0.094
Globin_1 day before MTX administration −0.06 — 0.953
TP_1 day before MTX administration 1.28 — 0.206
A/G_1 day before MTX administration 0.64 — 0.526
ALP_1 day before MTX administration 0.24 — 0.808
GGT_1 day before MTX administration −0.81 — 0.429
Urine protein_1 day before MTX administration −0.56 — 0.584
Urine pH_1 day before MTX administration −0.07 — 0.942
TBIL_1 day before MTX administration −1.58 — 0.128
DBIL_1 day before MTX administration −1.45 — 0.164
IBIL_1 day before MTX administration −1.86 — 0.068

Abbreviations: CI, confidence interval; BMI, bodymass index;MTX,methotrexate; ALL, acute lymphoblastic leukemia; C48h, 48-h blood concentration; C72h, 72-h blood concentration;
LR, low-risk; MR, medium-risk; HR, high-risk; MTHFR,methylenetetrahydrofolate reductase; SLCO1B1, solute carrier organic anion transporter 1B1; FPGS, folypolyglutamate synthetase;
GGH, gamma-glutamyl hydrolase; DHFR, dihydrofolate reductase; SHMT1, serine hydroxymethyl transferase 1; MTRR, methionine synthase reductase; WBC, white blood cells; NEU,
neutrophil; LYM, lymphocyte; EOS, eosinophils; BASO, basophils; RBC, red blood cells; PLT, platelet; Hb, hemoglobin; ALT, alanine transaminase; AST, aspartate aminotransferase; Cr,
creatinine; BUN, blood urea nitrogen; A/G, the ratio of albumin to globin; TP, total protein; ALP, alkaline phosphatase; GGT, gamma glutamyl transpeptidase; TBIL, total bilirubin; DBIL,
direct bilirubin; IBIL, indirect bilirubin.

TABLE 4 | Comparison of significant variable characteristics between training and test cohorts.

Variable Training
cohort (n = 49)

Test cohort (n = 21) p-value

Liver injury, n% 0.617
0 32 (65.3%) 15 (71.4%)

17 (34.7%) 6 (28.6%)
Age, median (IQR) 8 (4–12) 7 (4–11) 0.191
MTRR_AA, n% 0.875
0 27 (55.1%) 12 (57.1%)
1 22 (44.9%) 9 (42.9%)

MTRR_AG, n% 0.173
0 24 (49.0%) 14 (66.7%)
1 25 (51.0%) 7 (33.3%)

SLCO1B1_11045879_CC, n% 0.456
0 43 (87.8%) 17 (81.0%)
1 6 (12.2%) 4 (19.0%)

Albumin_1 day before MTX administration, median (IQR) 41.9 (39.0–44.5) 42.7 (40.1–44.2) 0.102
IBIL_1 day before MTX administration, median (IQR) 7.2 (4.4–10.7) 5.4 (4.3–8.0) 0.096
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elimination of HD-MTX, leading to maximum treatment effect
without elevating toxicity (Aumente et al., 2006). Based on the
predictor coefficients in our risk-scoring formula, age is
positively related to the risk of hepatotoxicity caused by HD-
MTX, which is consistent with former perspectives. In terms of
other nongenetic factors, the elevation of ALT and AST could
indicate potential damaged liver structural integrity (Seidel
et al., 1994; Elbarbary et al., 2016; Hakamata et al., 2018).
ALP and GGT are common markers of cholestatic problems
induced by liver injury (Hawkey et al., 2012). However, these
transaminases were not included in the final model; likewise,
kidney function indexes, including Cr, urine protein, urine pH,
and BUN, were not selected as predictors, possibly due to the
initial exclusion of patients with abnormal liver and/or kidney
function. In addition, serum bilirubin is related to the excretion
of anions and formation of bile, and albumin has an impact on
protein synthesis (Limdi and Hyde, 2003). HD-MTX is proven
to increase the concentration of serum bilirubin while

decreasing albumin concentration, corresponding to our
findings that the HD-MTX-induced liver injury risk was
positively correlated to IBIL and negatively to albumin
(Moghadam et al., 2015).

Of all risk factors for MTX toxicity, the role of gene
polymorphisms is indubitable, leading to various responses to
MTX toxicity among ALL children. We analyzed seven genes
from MTX metabolism, some of which have had their impacts
on MTX-induced toxic reactions illustrated in previous reports;
these include thatMTHFR_C677T can significantly increase the risk
of MTX toxicity, the low activity of GGH may lead to increased
intracellular cytotoxicity of MTX in leukemic cells, the inhibition of
DHFR can be definitively responsible for the exertion of MTX
cytotoxicity, and SHMT1 can affect enzymatic activity, which is
associated with liver toxicity during MTX therapy (Fotoohi and
Albertioni, 2008; Schmiegelow, 2009; Lopez-Lopez et al., 2011; Yang
et al., 2012). In the final results, MTRR and SLCO1B1
polymorphisms occupied a critical position in the risk-score
formula with significantly greater weightings than other
predictors, and their negative coefficients represent an inverse
relationship between MTRR and SLCO1B1 polymorphisms and
liver injury risks. In other words, patients with MTRR_AA,
MTRR_AG, and/or SLCO1B1_11045879_CC could have lower
risk of liver injury. The present work provides a novel
perspective about the effect of MTRR polymorphisms on the
HD-MTX toxicity in ALL children. In terms of the SLCO1B1
gene, it was deemed to be associated with MTX clearance, and
the significant correlations between its polymorphisms (rs11045879
and rs4149056) and the levels of serum MTX are proven in other
studies (Faganel Kotnik et al., 2011; Niemi et al., 2011; Moriyama
et al., 2015).

There are studies pointing out that some gene polymorphisms
involved in the MTX pathway that are not investigated in our study
may have associations with MTX toxicity as well. A polymorphism
in reduced folate carrier (RFC1), C3435T in the multidrug-resistance
protein (ABCB1), and C421A in the breast cancer resistance protein
(ABCG2) are reported to have associations with hepatic,
gastrointestinal, and nervous system toxicities (Lopez-Lopez et al.,
2011;Mikkelsen et al., 2011). However, there is an adverse viewpoint
from Lopez et al. with a research population of 115 ALL children,

FIGURE 3 | ROC curves for predictors of HD-MTX-induced liver injury in ridge regression model. (A) ROC curve in training cohort; (B) ROC curve in test cohort.
When the value of AUC is closer to one, the classification effect of the model is better.

TABLE 5 | Performance of the ridge regression model.

Metric Training cohort Test cohort

Accuracy 0.86 0.57
Precision 0.81 0.36
Sensitivity 0.76 0.67
Specificity 0.91 0.53
Positive predictive value 0.81 0.36
Negative predictive value 0.88 0.80

TABLE 6 | Risk score description in training and test cohorts.

Risk score Training cohort Test cohort

Average 67.36 74.80
SD 26.38 31.61
Minimum value 10.30 0.80
Lower quartile 47.50 51.00
Median 57.90 78.20
Upper quartile 88.65 98.60
Maximum value 128.20 126.50

Abbreviation: SD, standard deviation.
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who claimed thatMTHFR (C677T and A1298C), TYMS (28 bp and
6 bp-del), SHMT1 (C1420T), ABCB1 (C3435T), ABCG2 (C421A),
RFC1 (G80A), and SLCO1B1 (rs4149081) were not available to show
relationships with MTX toxicity in childhood ALL (Lopez-Lopez
et al., 2011). They believe that the associations between
polymorphisms in enzymes or transporter genes and MTX
proven in the former literature could be attributed to the small
or unhomogeneous sample size, nonobjective toxicity markers, or
different treatment protocols (Lopez-Lopez et al., 2011). Herein, we
analyzed as many as 10 polymorphisms in seven genes, which
provides a comprehensive analysis of the associations between
genotypes and HD-MTX-induced liver injury, to provide an
optimized therapy regimen based on individual diversity.
Moreover, we chose quantifiable markers of toxicity, ALT, and
AST levels to objectively analyze HD-MTX-induced
hepatotoxicity. However, we were aware that one drawback in
this study was the inadequate sample size; thus further research
with larger populations and clinical practice are necessary.

In summary, we explored the relationship between multiple risk
factors and HD-MTX-induced liver injury and established a risk-
scoringmodel based on the identified predictors. Besides liver injury,
the modeling process in present study can be applied to predict the
risks of other MTX-induced ADEs caused by MTX. This study
provides knowledge of risk prediction for HD-MTX hepatotoxicity
in pediatric ALL patients that few studies have investigated, which
could be used as a reference for clinical medication.
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The hepatotoxicity of irinotecan is drawing wide concern nowadays due to the
widespread use of this chemotherapeutic against various solid tumors, particularly
metastatic colorectal cancer. Irinotecan-induced hepatotoxicity mainly manifests as
transaminase increase and steatosis with or without transaminase increase, and is
accompanied by vacuolization, and lobular inflammation. Irinotecan-induced
steatohepatitis (IIS) increases the risk of morbidity and mortality in patients with
colorectal cancer liver metastasis (CRCLM). The major risks and predisposing factors
for IIS include high body mass index (BMI) or obesity, diabetes, and high-fat diet.
Mitochondrial dysfunction and autophagy impairment may be involved in the
pathogenesis of IIS. However, there is currently no effective preventive or therapeutic
treatment for this condition. Thus, the precise mechanisms underlying the pathogenesis of
IIS should be deciphered for the development of therapeutic drugs. This review
summarizes the current knowledge and research progress on IIS.

Keywords: irinotecan, chemotherapy, hepatotoxicity, hepatic steatosis, steatohepatitis
INTRODUCTION

Irinotecan, also termed as CPT-11 or 7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycamptothecine (Figure 1), is an inhibitor of DNA topoisomerase I and has been
used for 27 years since it was first approved in Japan in 1994 (1). As a crucial chemotherapeutic
agent, it is widely used either alone or in combination against various solid tumors, particularly for
the treatment of metastatic colorectal cancer, as recommended by the guidelines of the National
Comprehensive Cancer Network and the European Society for Medical Oncology (1, 2). Notably,
irinotecan-based neoadjuvant chemotherapy has improved the five-year survival rate in colorectal
cancer liver metastasis (CRCLM) with unresectable tumors by approximately 58% (3, 4). However,
there is a growing realization that irinotecan-induced hepatotoxicity, such as hepatic steatosis and
steatohepatitis, can increase the risk of morbidity and mortality in patients with CRCLM (5, 6).
Although irinotecan-induced steatohepatitis (IIS) has been known to be a clinicopathological
Abbreviations: BMI, body mass index; CASH, chemotherapy-associated steatohepatitis; CRCLM, colorectal cancer liver
metastasis; IIS, irinotecan-induced steatohepatitis; NAFLD, non-alcoholic fatty liver disease; PUFA, polyunsaturated fatty
acids; ROS, reactive oxygen species; UGT1A1, uridine diphosphate-glucuronosyl transferase 1A1.
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symptom of irinotecan for decades, the mechanisms underlying
this adverse effect are not exactly known. This review provides
current insights into the clinical understanding of the
epidemiology, risk factors, possible causal mechanisms, as well
as preventive and therapeutic approaches regarding IIS.
BRIEF DESCRIPTION OF IRINOTECAN

Irinotecan, which is a semi-synthetic and water-soluble
camptothecin-derivative cytotoxic drug (2). It inhibits the
DNA-topoisomerase I complex and causes DNA double-strand
breaks, thereby inducing cytotoxicity (7, 8). As a prodrug,
irinotecan is metabolized to the active metabolite SN-38, also
termed as 7-ethyl-10-hydroxycamptothecin, in the blood and
liver mainly by human carboxylesterase 2 (1, 9). Compared with
irinotecan, SN-38 is a stronger inhibitor of DNA topoisomerase I
(10, 11) and can induce lethal DNA double-strand breaks and
eventually cell death (9, 11). SN-38 is inactivated upon its
conversion into SN-38G (b-glucuronide conjugate) by uridine
diphosphate-glucuronosyl transferase 1A1 (UGT1A1) in the
liver. SN-38G can be converted back into SN-38 by bacterial b-
glucuronidase in the intestinal tract, and the resulting SN-38 is
absorbed into the systemic circulation, whereby the anti-tumor
effect of irinotecan is extended (9, 12).

Unfortunately, irinotecan can non-specifically damage any
rapidly proliferating cell, including both tumor cells and non-
tumor cells, such as bone-marrow cells and intestinal basal cells,
as well as the commensal bacteria in the body (1). Consequently,
hematotoxicity (neutropenia) and gastrointestinal toxicity
(diarrhea) are common irinotecan-induced toxicities (8), with
a large inter-individual variation (1). In recent years, an
increasing body of evidence has demonstrated that irinotecan-
induced hepatotoxicity, including hepatic steatosis and
steatohepatitis can increase the risk of morbidity and mortality
in patients with CRCLM (6). Therefore, IIS is nowadays drawing
increasing attention in clinical practice.
Frontiers in Oncology | www.frontiersin.org 221
EPIDEMIOLOGY OF IIS

Long-term or high-dose administration of irinotecan may impair
the liver parenchyma, thus leading to hepatotoxicity with or
without transaminase increase (7, 13–16). There are numerous
epidemiological reports on IIS, which mainly focus on patients
with CRCLM. However, there are significant differences in IIS
incidence among these studies. Morris-Stiff et al. summarized
that up to 50% of patients with CRCLM who receive neoadjuvant
irinotecan develop IIS (17). In a prospective study involving 45
patients with CRCLM who underwent hepatic resection, Gomez-
Ramirez et al. observed that four out of the seven patients
(57.2%) who had received neoadjuvant irinotecan developed
IIS (18). Pawlik and colleagues analyzed 153 patients with
CRCLM and reported that moderate or severe hepatic steatosis
was dramatically more frequent in the patients who had received
neoadjuvant irinotecan (n = 15, 27.3%) than in those without any
chemotherapy (n = 2, 3.4%) or with 5-FU (n = 10, 14.9%) or
oxaliplatin (n = 3, 9.6%) monotherapy (19). A meta-analysis
found that one in every twelve patients with CRCLM under
irinotecan-based regimens will ultimately develop IIS (20). By
analyzing 406 patients with CRCLM who had undergone hepatic
resection, Vauthey and co-workers showed that irinotecan is
related to IIS (20.2% vs. 4.4% of the patients without
chemotherapy) (21). Moreover, although liver biopsy, which is
the gold standard in diagnosing steatosis or steatohepatitis (6), is
recommended to diagnose IIS (22), sampling error and
observational variations among pathologists can affect the
diagnosis (23).

IIS is associated with the disruption of lipid homeostasis and
with inflammation in hepatic cells. It may progressively increase
the risk of fibrosis, cirrhosis and liver failure (24, 25), because
irinotecan-based regimens have potentially harmful effects on
liver parenchyma and associated with impaired liver
regeneration (17, 26). Vauthey et al. found that IIS remarkably
increased the 90-day mortality of patients with CRCLM (14.7%
vs. 1.6% of those with no IIS) (21). The presence of IIS is more
FIGURE 1 | The structure of irinotecan.
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concerning than simple steatosis when undergoing major liver
resection and has been demonstrated to be associated with
increased surgical morbidity and mortality after resection of
colorectal liver metastases. Morris-Stiff and colleagues found that
IIS is related to increased morbidity and possibly to increased
mortality in patients with CRCLM following hepatectomy
because of the development of liver failure (17). The
detrimental effect of hepatic steatosis in patients undergoing
liver resection was also demonstrated in a meta-analysis by
Robinson et al. (20). Therefore, it is crucial to emphasize that
careful consideration needs to be given when performing
extensive procedures on patients with IIS.
RISK FACTORS FOR IIS

Multiple studies have found that confounding factors could
impact the development of chemotherapy-associated
steatohepatitis (CASH) (including IIS) (26–28). High body
mass index (BMI) or obesity is closely related to an increased
risk of CASH (14, 29). Patients with BMI ≥ 25 kg/m2 under
irinotecan-based chemotherapy have a 2.03-fold risk of IIS
compared with those with BMI < 25 kg/m2 (21). Another
report by Ryan et al. noted that both IIS and hepatic steatosis
are correlated with a BMI of ≥ 30 kg/m2 (30). In a small cohort
study, patients with a high BMI who had undergone irinotecan-
based chemotherapy were found to be associated with a high IIS
score according to the Brunt System (29). Fernandez et al.
demonstrated that severe IIS is related to neoadjuvant
irinotecan in patients, particularly obese patients, with CRCLM
who had undergone hepatic resection (22). Animal experiments
have shown that the decreased hepatic UGT1A1 and increased
fecal b-glucuronidase levels in diet-induced obese mice
compared with the levels in lean mice are responsible for the
prolonged retention of SN-38, consequently increasing the
occurrence of IIS, in these obese mice (31).
Frontiers in Oncology | www.frontiersin.org 322
Diabetes may be another important risk factor for IIS. Wolf
et al. demonstrated that hepatic steatosis or IIS is more common
in diabetic patients treated with irinotecan-based regimens as
neoadjuvant chemotherapy before hepatic resection of CRCLM
(27). Moreover, a diet with high-fat content may also accelerate
the development of IIS. A dietary study by Mallick et al.
demonstrated that, upon irinotecan treatment, mice on a high-
fat diet, such as lard, develop steatosis more easily than those on a
regular diet (32). Although these reports are based on
retrospective analyses or animal studies, the results indicate
that, upon irinotecan-based chemotherapy, patients on a high-
fat diet or with baseline obesity or diabetes may have a higher
risk of developing IIS than non-diabetic and non-obese patients
on a regular diet. However, this possibility should be verified via
prospective controlled trials.
MECHANISMS UNDERLYING IIS

The exact mechanisms underlying IIS have not been fully
elucidated. However, mitochondrial dysfunction and
autophagy impairment have been proposed to be involved in
the pathogenesis of IIS (Figure 2).

Mitochondrial Dysfunction
Hepatocytes are rich in mitochondria, which are vulnerable to
chemotherapeutic agents (33–35). In general, inhibition of b-
oxidation of fatty acids, oxidative phosphorylation, and
mitochondrial respiration primarily contributes to mitochondrial
dysfunction (7). Irinotecan causes accumulation of lipids in
hepatocytes via inhibiting the b-oxidation of fatty acids, which is
one of the main pathways of the lipid metabolism, in the
mitochondria of hepatocytes (7, 25). Moreover, irinotecan
induces oxidative stress by uncoupling oxidative phosphorylation,
restraining mitochondrial respiration, and facilitating the
mitochondrial release of reactive oxygen species (ROS) in
FIGURE 2 | The potential mechanisms of IIS. Irinotecan-caused mitochondrial dysfunction and autophagy impairment result in lipid metabolism disturbance
ultimately, which may involve in the pathogenesis of IIS.
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hepatocytes (7, 36). Interestingly, Bao et al. demonstrated that SN-
38 upregulated ROS in cells derived from primary human
hepatocytes but not in cancer cells (MDA-MB-231 and T47D) in
vitro (8). Upregulation of ROS causes mitochondrial dysfunction
(37) and stimulates the pathogenesis of IIS (14). It is worth noting
that mitochondrial dysfunction usually improves when the
chemotherapy is terminated (25).

Autophagy Impairment
Autophagy is a lysosome-mediated intracellular protein-
degradation mechanism. It also regulates the lipid metabolism by
metabolizing intracellular lipid droplets (triglycerides), which are
the main form of lipid storage in the cell (38). Thus, impairment of
this mechanism causes multiple metabolic diseases, such as obesity
and hepatic steatosis (39). Mahli et al. found that irinotecan can
weaken the autophagic flux by increasing the lysosomal pH to
alkalinity, thereby contributing to lipid accumulation and steatosis
in primary human hepatocytes (40). Furthermore, irinotecan
impairs mitochondrial function and indirectly activates p38, thus
inhibiting autophagosome formation (41, 42).
POTENTIAL PREVENTIVE AND
THERAPEUTIC APPROACHES
AGAINST IIS

In general, there is still a lack of effective preventive and therapeutic
strategies against IIS due to its complexmechanismofpathogenesis.
However, several preclinical studies for IIS have suggested potential
interventional drugs or measures, as described below.

Silymarin
Silymarin is a hepatoprotective agent, and it is derived from the
seeds of Silybummarianum (43). As a natural flavonoid, silymarin
has antioxidative effects and can decrease the oxidative stress in the
liver (44).A studybyMarcolino et al. about the effect of silymarinon
IIS inmice reported that silymarin has a dual effect; low-dosage (1.5
mg/kg) of silymarin prevents irinotecan-induced hepatic injury,
such as steatosis, vacuolization, lobular inflammation, and fibrosis,
by suppressing the inflammatory factors and oxidative stress in the
liver, whereas high-dosage (150mg/kg) of silymarin exacerbates IIS
and increases the mortality (45). Thus, the mechanisms whereby
silymarin at different dosages result in different effects remain to be
explored, and the specific clinical effects need to be confirmed, in
future studies.

Pioglitazone
Pioglitazone is a thiazolidinedione antidiabetic agent. It
modulates the lipid metabolism and ameliorates the glycemic
control in patients with type-2 diabetes via activating the
peroxisome proliferator-activated receptor (46, 47). A study in
rats demonstrated that pioglitazone has a hepatoprotective effect
against chemotherapy (irinotecan and 5-fluorouracil)-induced
steatohepatitis, but no effect on histopathological changes (24).
Therefore, the hepatoprotective effect of pioglitazone against IIS
should be further explored.
Frontiers in Oncology | www.frontiersin.org 423
Sorafenib
Sorafenib, amultityrosine-kinase inhibitor, is used for the treatment
of unresectable hepatocellular carcinoma and advanced renal cell
carcinoma (48).Mahli and co-workers reported that sorafenib has a
protective effect against IIS by decreasing irinotecan-induced ERK
activation and pro-inflammatory gene expression in hepatocytes
and murine models of IIS (40). Nevertheless, the hepatoprotective
effect of sorafenib against IIS should be confirmed in patients via
clinical studies.

Glycine
Glycine is a nonessential amino acid with remarkable protective
effects against liver injury (49, 50). Mikalauskas et al. found that
glycine markedly reduces the levels of transaminases and
microvesicular steatosis in rats treated with FOLFIRI, presumably
by inhibiting the activation of Kupffer cells and enhancing the
hepatic microcirculation (51).

Grain-Based Chow Diet
Phytoestrogens (especially isoflavones) and polyunsaturated
fatty acids (PUFA) in diet may be effective in suppressing non-
alcoholic fatty liver disease (NAFLD) or IIS. Isoflavones can be
beneficial against NAFLD by reducing the lipogenesis, lipolysis,
and fat deposition in adipocytes (52, 53). PUFA can decrease
hepatic storage of triglycerides and has a significant protective
effect against hepatic steatosis (54). A dietary study by Mallick
et al. reported that a grain-based chow diet, which included a low
level of fat (vegetable-based, such as soybean oil, which is
especially rich in PUFA) and high levels of carbohydrate
(fiber), phytoestrogen, and protein, had a notably protective
effect against irinotecan-induced mixed hepatic steatosis (micro
& macrovesicular) in mice (32). Thus, similar dietary studies
involving specific ingredients should be performed on cancer
patients undergoing irinotecan treatment.

CONCLUSIONS

Overall, IIS is a crucial adverseeffectof irinotecanandcan increase the
risk of morbidity andmortality in patients with CRCLM. Themajor
risks and predisposing factors for IIS include high BMI or obesity,
diabetes, and high-fat diet. Althoughmitochondrial dysfunction and
autophagy impairment may be involved in the pathogenesis of IIS,
the exact causalmechanismsof IIShavenot been fully elucidated.Till
now, liver biopsy is the gold standard in diagnosing hepatotoxicity,
including IIS, but it is a highly invasive, complex, and painful
operation. Thus, biomarkers of IIS, are urgently needed to precisely
evaluate irinotecan-induced hepatotoxicity. Besides, we should
explore more risk factors for the development of IIS which can
help oncologists to identify the patients at risk. Furthermore, effective
preventive and therapeutic approaches are still lacking. Potential
interventional drugs or measures have been reported in multiple
preclinical studies and the medications susceptible to be active in
steatosis such as fibroblast growth factor 21 agonists, obeticholic acid
or glucagon-like peptide-1 agonists deserve considerations. Thus,
further investigations involving humans, especially clinical trials, are
required to develop feasible preventive and therapeutic approaches
against IIS.
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Safety Profile of Oxaliplatin in 3,687
Patients With Cancer in China: A
Post-Marketing Surveillance Study
Zaoqin Yu1†, Rui Huang2†, Li Zhao3, Ximin Wang1, Xiaofang Shangguan2, Wei Li1,
Min Li1, Xianguo Yin3, Chengliang Zhang1* and Dong Liu1*

1 Department of Pharmacy, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China, 2 School of Pharmacy, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
China, 3 Hubei Center for Adverse Drug Reaction Monitoring, Wuhan, China

Background: Oxaliplatin (OXA), a third-generation platinum derivative, has become one
of the main chemotherapeutic drugs for colorectal cancer and other cancers, but reports
of adverse reactions are also increasing with the extensive application of OXA. In this
study, post-marketing surveillance was carried out to investigate the safety profile of OXA
in a real-world setting in Chinese cancer patients to provide a reference for the rational
application of OXA.

Methods: All patients with cancer who received OXA-based chemotherapy in 10 tertiary
hospitals in Hubei Province, China, between May 2016 and November 2016 were
enrolled. A central registration method was used to document patients’ demographics,
clinical use, and any incidence of adverse reactions to OXA. All adverse drug reactions
(ADRs) were collected and analyzed to assess causality, severity, treatment, and
outcome.

Results: In total, 3687 patients were enrolled in this study. Approximately 64.6% of the
patients were male, and 68.8% were aged 50-70 years, with a mean age of 55.3 years.
The proportions of patients diagnosed with colorectal and gastric cancers were 59.3%
and 31.6%, respectively. In this study, the overall incidence of ADRs and serious ADRs
was 42.7% and 1.3%, respectively. The most common ADRs were gastrointestinal
disorders (25.7%), blood disorders (21.1%), and peripheral nervous system disorders
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(8.0%). The serious ADRs identified were hypersensitivity reactions, thrombocytopenia,
abnormal hepatic function, and leukopenia/neutropenia. The median onset of
gastrointestinal toxicity, myelosuppression, peripheral neurotoxicity, and abnormal
hepatic function was 1 d, 5 d, 1 d, and 14 d, respectively. The majority (84.7%) of
hypersensitivity reactions were mild to moderate, and the median time to onset of these
reactions was within the first 20 min of OXA infusion. Almost 88.0% of patients who
experienced ADRs recovered or improved with treatment.

Conclusion: Our data suggest that OXA-induced ADRs are very common in Chinese
patients with cancer; however, more attention should be paid to hypersensitivity reactions
caused by OXA. This study provides a valuable reference regarding the safe application of
OXA in a real-world setting.
Keywords: oxaliplatin, cancer, post-marketing surveillance, safety, Chinese
INTRODUCTION

Oxaliplatin (OXA) is a third-generation platinum-based anti-
tumor drug that inhibits DNA and protein synthesis by
forming intra- and inter-strand DNA platinum adducts,
leading to tumor growth inhibition and apoptosis (1). OXA
has better efficacy and lower toxicity than cisplatin and
carboplatin (2) and is extensively used in various tumors,
including colorectal, gastroesophageal, pancreatic, biliary,
gynecologic malignancies, lung cancer and head and neck
cancers (3–5). Studies have demonstrated that OXA combined
with 5-fluorouracil (5-FU) and leucovorin increases survival
and reduces the risk of recurrence in patients with colorectal
cancer (CRC) (6, 7). Nowadays, OXA combined with 5-FU
and leucovorin (FOLFOX) or with capecitabine (XELOX) has
emerged as the standard regimen of adjuvant chemotherapy
for stage III CRC and stage II CRC with high-risk factors and
as the first-line regimen for metastatic CRC (8, 9).

With the extensive clinical application of OXA, adverse
reactions towards OXA have also been reported in recent
years, mainly including gastrointestinal side effects, hematologic
toxicities, and dose-limiting peripheral neurotoxicity (10–12).
Moreover, the reports on OXA-related hypersensitivity reactions
(HSRs) are increasing gradually (13). Although OXA has been on
themarket for over 20 years, and there have beena few reports on its
side effects, comprehensive safety profiles of OXA in large-scale
populations in the real world have rarely been produced. The
MOSAIC trial, a large randomized multi-institution randomized
trial, only included over 1,100 patients whowere receiving adjuvant
FOLFOX chemotherapy for colorectal cancer (14). Thus, it is
necessary to evaluate the post-marketing safety of OXA further to
strengthen pharmacovigilance. In this article, a multicenter
prospective study was carried out in 10 tertiary hospitals in Hubei
province, China, to evaluate the post-marketing safety profile of
OXA.Weaimedto investigate the clinical useofOXA, the incidence
of adverse reactions, time to onset, clinical manifestations,
treatments, and outcomes to provide a reference for medical
decision-making and the rational application of OXA.
227
METHODS

Study Design and Patients
This multicenter observational study was conducted in 10
tertiary hospitals in Hubei Province, China, between May 2016
and November 2016. All patients with malignant tumors treated
with OXA were enrolled in this study. All patients were
prospectively registered upon initiation of OXA treatment by
documenting the patients’ demographics, clinical application,
and adverse reactions of OXA using a central monitor method.

The investigators received unified and standardized project
training according to research work manual and case report
forms (CRF) (Supplementary Table 1) before the study to
ensure complete registration and quality data. Meanwhile, each
subcenter designated special personnel (including one oncologist
and one clinical pharmacist) responsible for the collection and
filing of CRF. This study was conducted in accordance with the
Drug Reevaluation Regulations and Guiding Principles from the
Drug Evaluation Center of the State Food and Drug
Administration and was approved by the Ethics Committee of
Tongji Medical College, Huazhong University of Science and
Technology (No.TJIRB20160504). All participants were briefed
and have provided written informed consent before completing
the survey.

Safety Assessment
OXA-induced ADRs were collected through patients’ self-
reports (especially some symptoms such as rash, cough,
nausea, vomiting, abdominal pain, numbness and dizziness)
during ward round and patient education as well as lab results
(such as vital signs, blood routine, liver and kidney function)
from HIS system, and the frequency was usually 3 times a week.
The investigators needed to report all adverse reactions that
occurred after OXA treatment, concomitant medications used,
time to onset, symptoms, administered treatments, and
outcomes. All reported ADRs were recorded according to the
Provisions of Adverse Drug Reaction Reporting and Monitoring
with the clinical pharmacists’ assessment of causality.
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This adverse reaction can be submitted only when the ADR
correlation evaluation with OXA is possible or above. The
severity of OXA-induced ADRs was classified according to the
National Cancer Institute Common Criteria (NCI-CTCAE v5.0),
and grade 3 and above adverse reactions were defined as serious
ADRs. ADRs were classified using the preferred terms and
system organ classes from the World Health Organization
(WHO) Glossary of Adverse Drug Reactions. Additional
information, such as the results of laboratory tests, was also
recorded for serious ADRs.

Statistical Analysis
More than 3000 patients receiving OXA were enrolled to detect
an ADR in one out of every 1000 patients with a probability of
≥95%. The collected data were verified and encoded by special
personnel. All data analyses were performed using SPSS version
24.0 (SPSS Inc. Chicago, IL, USA). Descriptive analysis was used
to evaluate patients’ demographics (such as sex and age), clinical
characteristics such as Karnofsky performance status (KPS),
diagnosis, clinical use of OXA, and the incidence of adverse
reactions, time to onset, symptoms, administered treatments,
and outcomes.
RESULTS

Patient Demographics
A total of 3775 case report forms were enrolled between May 1,
2016, and November 31, 2016. Eighty-eight reports were
excluded due to duplication; thus, 3687 patients were enrolled
for this safety study. Table 1 describes the patient demographics
and clinical characteristics. Nearly 64.6% of patients were male,
and most patients were between 40 and 70 years old (86.5%),
with a mean (SD) age of 55.3 ( ± 10.6) years. Most patients had
KPS scores of 80 (40.4%) and 90 (36.7%). Almost all (96.2%)
patients were diagnosed with gastrointestinal cancer, with 59.3%
and 31.6% of these patients diagnosed with colorectal and gastric
cancer, respectively. Nearly two-thirds (61.7%) of the patients
used the FOLFOX regimen, followed by the XELOX (19.5%) and
SOX (S-1 plus OXA) (7.5%) regimens. About 25.5% of
the patients had other diseases such as hypertension,
hyperlipidemia, diabetes, coronary heart disease, kidney stones,
and tuberculosis. Only 0.8% of the patients had a history of
allergies, and 5.9% had a previous history of ADRs, mainly
caused by antibiotics.

Incidence of ADRs and Serious ADRs
Of the 3687 patients, ADRs were reported in 1575 patients,
giving an incidence rate of 42.7%. Most ADRs were grade 1 and
2, with grade 1 ADR reported in 562 patients (15.2%) and grade 2
ADR reported in 965 patients (26.2%). Serious ADRs (grade≥3)
were reported in 48 patients (1.3%), showed in Figure 1. The
majority (88.0%) of patients who developed ADR were healed
and improved, and about 11.0% were unknown.

The most commonly reported ADRs fell into the general
categories of gastrointestinal disorders (25.7%), blood disorders
(21.1%), and peripheral nervous system disorders (8.0%)
Frontiers in Oncology | www.frontiersin.org 328
(Table 2). Other ADRs, such as respiratory, cardiac and eye
disorders, had a low incidence rate and low severity (Table 2).
However, systemic disorders such as hypersensitivity reactions
occurred in 118 of the patients (3.2%), with related serious ADRs
accounting for 0.5% of all cases. In addition, hepatic function
abnormalities were reported in 186 patients (5.1%), with serious
ADRs of this nature accounting for 0.2% of all cases (Table 2).

Most Frequently-Occurring ADRs
The OXA-linked ADRs with the highest frequency were nausea
(20.3%), leukopenia (17.3%), neutropenia (12.1%), vomiting
(9.8%), anemia (7.0%), thrombocytopenia (5.6%), and
peripheral paresthesia or dysesthesia of hands and feet (5.7%).
Meanwhile, the most frequent serious ADRs recorded were
hypersensit ivity reactions, leukopenia, neutropenia,
thrombocytopenia, abnormal hepatic function, and vomiting
(0.5%, 0.2%, 0.2%, 0.2%, 0.2%, 0.1%, respectively) (Table 3).
Thus, gastrointestinal disorders, blood disorders, peripheral
nervous system disorders, hypersensitivity reactions, and
hepatic function abnormalities were regarded as the major
ADRs caused by OXA.

Time to Onset, Management, and
Outcome of Major ADRs
The median time from the start of OXA administration to the
occurrence of gastrointestinal disorders, blood system disorders,
peripheral nervous system disorders, and hepatic function
abnormalities were 1 d, 5 d, 1 d, and 14 d, respectively. For
hypersensitivity reactions, the median time from start to
occurrence was much shorter, at only 20 min. In addition, the
above 5 ADRs occurred in a median cycle of OXA chemotherapy
of 3, 4, 4, 4 and 6, respectively. More than 90% of those who
experienced gastrointestinal toxicity, myelosuppression, and
peripheral neurotoxicity continued OXA therapy. Of those that
experienced hypersensitivity reactions, approximately
85% suspended OXA administration and received the
corresponding treatment (Table 4). Overall, most of these
ADRs recovered and improved, and ADRs that had sequelae
occurred in 11 patients who experienced hepatic dysfunction and
12 patients with myelosuppression.

OXA-Related Hypersensitivity Reactions
The manifestation of OXA-related HSRs is shown in Table 5.
The most common events were cutaneous symptoms such as
flushing (48.3%), itching (48.3%), and rashes (22.9%). For most
patients (84.7%), the symptoms were grade 1 or 2, while
hypersensitivity symptoms with grade ≥ 3 were reported in 18
patients (15.2%). Of these 18 patients, six experienced
anaphylactic shock, characterized by wheezing, dizziness,
abdominal pain, or loss of consciousness with hypotension.

The time between OXA infusion to the appearance of HSRs is
shown in Figure 2, with most reactions occurring within the first
hour. The time to onset varied between mild and severe cases: the
median time to onset of grade 1 HSRs was 60 min, while grade 2,
3, and 4 events occurred mainly within the first 20 min after
OXA infusion (Table 5). Most patients who experienced
hypersensitivity (84.7%) were managed via discontinuation of
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treatment with OXA and the administration of hypersensitivity
treatments, including dexamethasone (61.0%), histamine-
receptor 1 antagonist (51.7%), oxygen (28.8%), and
epinephrine (8.5%). All patients recovered or improved after
the corresponding symptomatic treatment (Table 4).
DISCUSSION

According to the 2018 Global Cancer Statistics, colorectal and
gastric cancer incidence rates rank third and fourth among
malignancies in China, and their mortality rate is placing fifth
and second respectively (15). OXA, a third-generation platinum
derivative, has become one of the mainstay chemotherapeutic
drugs in gastrointestinal malignancies. The most common
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adverse reactions reported with this drug are gastrointestinal
tract reactions, myelosuppression, peripheral neurotoxicity, and
hypersensitivity reactions (14, 16). Hence, a multicenter
observational study was carried out to investigate the safety
profile of OXA in a real-world setting to provide a reference
for the rational use of OXA.

In this study, 3687 patients who received OXA were enrolled.
As far as we can confirm, at present, this is the largest real-world
post-marketing safety evaluation of OXA in China. The majority
(64.6%) of enrolled patients were male, within the age bracket of
50 to 69 years old. Epidemiology shows that the incidence rate of
colorectal and gastric cancer in males is higher than in females,
and most of these occur in middle-aged and older people (17).
Thus, the characteristics of patients enrolled were consistent with
previous epidemiological studies of colorectal and gastric cancer
in China.

Moreover, this study showed that patients receiving OXA
were mainly diagnosed with colorectal and gastric cancer (59.3%
and 31.6%, respectively), and FOLFOX was the most commonly
used chemotherapy regimen (61.7%), followed by XELOX
(19.5%) and SOX (7.5%). According to NCCN guidelines of
colorectal and gastric cancer (18, 19), FOLFOX and XELOX are
the most popular chemotherapy regimens in colorectal cancer,
which are widely used in neoadjuvant chemotherapy, adjuvant
chemotherapy, and advanced palliative chemotherapy; XELOX
and SOX are also frequently used chemotherapy regimens in
gastric cancer. These suggest that the clinical application of OXA
is in line with the recommendations described in these
above guidelines.

Regarding the safety results, the overall incidence rate of
ADRs was 42.7%, and that of serious ADRs was 1.3%. The most
common reported ADRs of OXA in this study were
gastrointestinal disorders (25.7%), blood disorders (21.1%), and
peripheral nervous system disorders (8.0%), which were
consistent with the results of other studies (14, 16, 20, 21).

Nausea, vomiting, and diarrhea were the most common
gastrointestinal side effects of OXA, with a median time of
onset of 1.6 d, and most patients recovered or improved
quickly. Nausea and vomiting are usually mild to moderate
and are readily controlled with the prophylactic administration
of standard antiemetics such as dexamethasone or 5-HT3
receptor antagonists (22). Grade 1 and 2 diarrhea has been
reported in OXA-treated patients with advanced colorectal
cancer. The incidence of this ADR is usually higher with a
protracted continuous infusion or with very high infusion
doses (23). In practice, prophylaxis is not required, and the
OXA dose should only be reduced in subsequent cycles if
diarrhea becomes severe.

In general, hematological side effects caused by OXA include
leukopenia, neutropenia, thrombocytopenia, and anemia (24). In
our study, the prevalence of OXA-induced myelosuppression
was 21.1%. Leukopenia (17.3%), neutropenia (12.1%), anemia
(7.0%), and thrombocytopenia (5.6%) were also common
hematological side effects of OXA treatment. Therefore, any
patient treated with OXA should closely monitor their WBC
count, platelet levels, hemoglobin levels, and absolute
TABLE 1 | Patient demographics and baseline characteristics.

Characteristics n = 3687 n (%)

Sex
Male 2382 (64.6)
Female 1305 (35.4)

Age (years)
20-29 112 (3.0)
30-39 185 (5.0)
40-49 651 (17.7)
50-59 1326 (36.0)
60-69 1211 (32.8)
≥70 202 (5.5)

KPS score
100 379 (10.3)
95 17 (0.5)
90 1352 (36.7)
85 324 (8.8)
80 1490 (40.4)
70 94 (2.5)
60 11 (0.3)
Missing and wrong entry 4 (0.1)

Histology or cytology
Colorectal cancer 2187 (59.3)
Gastric cancer 1166 (31.6)
Liver cancer 114 (3.1)
Esophageal cancer 56 (1.5)
Pancreatic cancer 24 (0.7)
other 140 (3.8)

Complication
Yes 940 (25.5)
No 2747 (74.5)

OXA- based chemotherapy
FOLFOX 2274 (61.7)
FOLFOXIRI 10 (0.3)
XELOX 718 (19.5)
GEMOX 39 (1.1)
SOX 278 (7.5)
EOX 2 (0.1)
Others 366 (9.3)

History of Allergy
Yes 31 (0.8)
No 3656 (99.2)

Previous history of ADRs
Yes 219 (5.9)
No 2915 (79.1)
Unknown 553 (15.0)
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neutrophil count (ANC). Moreover, this study showed that
thrombocytopenia was a common serious ADR, with an
incidence of 0.2%, and the median time of onset from OXA
treatment to this event was 4.7 d. Studies have demonstrated that
thrombocytopenia was a prominent side effect of OXA-related
myelosuppression (25, 26). Although thrombocytopenia of
grades 3 and 4 was noted in only 3%-4% of patients exposed
to OXA, its toxicity tends to increase with repeated exposures
and may limit the benefits of OXA (25, 27). Recently,
mechanisms of OXA-induced thrombocytopenia have
emerged, including bone marrow suppression, immune-
dependent mechanism, and splenic sequestration of platelets
due to portal hypertension related to liver sinusoidal injury
(11). However, in our study, it was difficult to determine
the spec ific mechanism involved in OXA-induced
thrombocytopenia; thus, this condition needs further study.
Therefore, medical practitioners should be vigilant about
Frontiers in Oncology | www.frontiersin.org 530
thrombocytopenia caused by splenomegaly after long-term
exposure to OXA and be aware of allergy-induced acute
thrombocytopenia (28).

A major dose-limiting side-effect of OXA treatment is its
peripheral neurotoxicity. Our study showed that OXA-induced
peripheral neurotoxicity (OIPN) was reported in 266 patients
(8.0%), mainly including paresthesias or dysesthesias of the
hands and feet. Most reported OIPN cases were mild, and
96.6% of patients recovered or improved, with the median time
to onset of 1 d. OXA induces two clinically distinct forms of
peripheral neuropathy. The first is acute OIPN, which is
transient, appearing only during or shortly after infusion of
OXA, and can be triggered by cold stimulation. The other
form, chronic OIPN, is associated with a cumulative dose of
OXA and appears after administration of OXA at a total dose of
540-850 mg/m2 (12). Acute OIPN consists mainly of sensory
symptoms in the form of paresthesias or dysesthesias in the distal
or perioral regions and are related to the dosage and infusion rate
of OXA. These symptoms are generally mild, short-lived, and
completely reversible within a few hours or days (29). Thus,
oncologists can prolong the duration of OXA infusion up to 6 h
and request that their patients avoid cold liquids for several days
after OXA therapy, which may prevent the development of
acute OIPN.

While not as common as the previously discussed ADRs,
hepatotoxicity also represents a serious ADR that warrants
further investigation. There is evidence that the most common
type of hepatotoxicity associated with OXA administration is
hepatic sinusoidal injury. It is histologically characterized by
sinusoidal dilatation, hepatocyte necrosis, and obliteration of
hepatic venules due to sinusoidal endothelial cell damage (30–
32). OXA-induced hepatic sinusoidal obstruction syndrome
(HSOS) has been demonstrated in up to 77% of colorectal
cancer patients with liver metastasis following OXA-based
chemotherapy (33). Studies have reported that preoperative
OXA was associated with HSOS and that this increased
postoperative morbidity after partial hepatectomy with
colorectal cancer liver metastasisn (34, 35). OXA-induced
HSOS frequently presents with ascites, jaundice, right
TABLE 2 | Incidence of ADRs and serious ADRs in patients receiving OXA (N = 3687).

System Organ Class ADRs n (%) Serious ADRs n (%)

Total 1575 (42.7) 48 (1.3)
Gastrointestinal disorders 949 (25.7) 10 (0.3)
Blood system disorders 779 (21.1) 18 (0.5)
Peripheral and Central Nervous system disorders 296 (8.0) 2 (0.0)
Systemic disorders and
administration-site conditions

168 (4.5) 18 (0.5)

Hepatobiliary disorders 186 (5.1) 6 (0.2)
Respiratory disorders 11 (0.3) 2 (0.0)
Cardiac disorders 9 (0.2) 1 (0.0)
Eye disorders 4 (0.1) 0 (0.0)
Skin and subcutaneous tissue disorders 4 (0.1) 0 (0.0)
Musculoskeletal and connective tissue disorders 4 (0.1) 0 (0.0)
Renal and urinary disorders 3 (0.1) 0 (0.0)
Infections and infestations 1 (0.0) 1 (0.0)
October 2021 | Volum
FIGURE 1 | Severity classification of OXA induced ADRs.
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upper quadrant pain, splenomegaly with subsequent
thrombocytopenia, and portal hypertension. Systemic elevation
of liver enzymes is often not significant, especially in the early
stage (30). We found that the incidence of abnormal hepatic
function was only 5.1%; however, our study only measured
hepatic biochemical parameters such as the levels of
transaminases, aspartate aminotransferase, and bilirubin.
Without the results of histopathological examinations, it is
difficult to give a definitive diagnosis of HSOS, leading to an
underestimation of the hepatotoxicity of OXA. Therefore, OXA-
induced HSOS should be specially studied and evaluated in
patients with metastatic colorectal cancer who received OXA-
based neoadjuvant chemotherapy after hepatectomy.

OXA-related HSRs are another major problem associated
with the extensive use of the drug, the occurrence of which may
lead to therapy delay, discontinuation of treatment, and even
death (36). The reported frequency of HSR in patients undergoing
OXA-based chemotherapy ranges from less than 2% to 25% (37–
42), while the prevalence of severe HSRs is 0.5-2% (38, 43). Our
study reported OXA-related HSRs in 118 out of 3687 Chinese
patients, giving an incidence rate of 3.2% and a severe
hypersensitivity rate of 0.5%. The clinical manifestations of HSRs
involve multiple systems, such as cutaneous, digestive, neurologic,
and respiratory systems. This study found that the most common
events were cutaneous symptoms with severities of grades 1 and 2,
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which corroborates the findings of our previous study (44). Events
of grade 3 and above are less common, but six patients developed
life-threatening cases of severe anaphylactic shock. These results
align with other studies that reported OXA-induced HSRs being
potentially severe and life-threatening (45). In this study, however,
patients who developed HSRs were managed with the
corresponding treatments, and eventually, all patients recovered
or improved. This suggests that OXA-induced HSRs are
controllable through close monitoring, comprehensive evaluation,
and the provision of timely and effective treatment. Hence,
medical staff should pay close attention to the signs of potential
HSRs and inform patients to closely monitor any symptoms that
may arise.

Previous studies have noted that OXA-induced
hypersensitivity reactions usually occur within the first 30 min
of infusion (46, 47). In our study, the median time to onset of
HSRs was 20 min, but the time to onset of different grades of
HSRs varied. The median time to onset of grade 1 HSRs was
60 min, while grade 2 to 4 events occurred mainly within the first
20 min of OXA infusion. Our previous retrospective analysis also
demonstrated that HSRs caused by OXAmight occur at any time
within a cycle of therapy but were mainly observed at the first
20 min of OXA infusion (44). Thus, patients should be closely
monitored for HSRs, but especially within the first 20 min after
the start of an OXA infusion.
TABLE 3 | Incidence and severity of most frequently-occurring ADRs.

Major ADRs ADRs n (%) Serious ADRs n (%)

Gastrointestinal disorders
Nausea 748 (20.3) 1 (0.0)
Vomiting 362 (9.8) 5 (0.1)
Diarrhea 71 (1.9) 2 (0.0)
Blood system disorders
Leukopenia 637 (17.3) 8 (0.2)
Neutropenia 445 (12.1) 9 (0.2)
Anemia 258 (7.0) 2 (0.0)
Thrombocytopenia 207 (5.6) 6 (0.2)
Peripheral nervous system disorders
Paresthesia or disesthesia (hands and feet) 211 (5.7) 0 (0.0)
Abnormal hepatic function 186 (5.1) 6 (0.2)
Hypersensitivity reactions 118 (3.2) 18 (0.5)
October 2021 | Volum
TABLE 4 | Time to onset, cycle, management and outcome of major ADRs.

Major ADRs Median time to onset, days
(range)

Median cycle of OXA chemotherapy
(range)

Management of OXA-
induced ADRs, % (n)

ADRs that recovered or improved,
% (n)

Continued Suspended

Gastrointestinal
toxicity

1 (0–8) 3 (1–15) 94.2 (894) 3.2 (30) 94.8 (900)

Myelosuppression 5 (1–39) 4 (1–12) 92.8 (723) 3.6 (28) 82.5 (643)
Peripheral
neurotoxicity

1 (0–7) 4 (1–15) 91.0 (242) 1.5 (4) 96.6 (257)

Abnormal hepatic
function

14 (2–33) 4 (1–11) 95.9 (178) 3.2 (6) 77.5 (144)

Hypersensitivity
reactions

20min (2-1440min) 6 (1–18) 14.4 (17) 85.6 (101) 100 (118)
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However, this study can still be further expanded. First, this
was a non-interventional observational study that aimed to
observe the safety profile of OXA with no control group, and
there was a short observation period of only 6 months and lack of
follow-up. Hence, the OXA efficacy in these patients was
unknown, and some delayed ADRs such as chronic OIPN may
not be immediately reported and were underestimated. Second,
patients treated with OXA was the only inclusion criteria
implemented, and a comparison of safety accounting for the
effects of different diseases and treatment regimens was not
performed. In addition, although the researchers have
identified OXA-related ADRs, the effects of other drugs cannot
be completely excluded because OXA is often used in
Frontiers in Oncology | www.frontiersin.org 732
combination with other chemotherapeutic drugs. Further
investigation is also required to identify the risk factors that
affect the incidence of OXA-induced ADRs to provide a
reference for the rational application of OXA.
CONCLUSIONS

In conclusion, this large post-marketing surveillance study conducted
in more than 3000 Chinese patients preliminarily explored the
incidence, characteristics, cycle, occurrence time and outcome of
OXA induced ADRs. Overall, OXA induced adverse reactions were
very prevalent. Our results showed that gastrointestinal toxicity,
TABLE 5 | Manifestations of OXA-induced hypersensitivity reactions.

Subjects (total=118) N (%)

Symptom Cutaneous
Flushing 57 (48.3)
Itching 57 (48.3)
Rash/Urticaria 27 (22.9)

Digestive
Nausea 35 (29.7)
Vomiting 21 (17.8)
Others 15 (12.7)

Neurologic
Dizziness 7 (5.9)
Numb 24 (20.3)
Laryngeal abnormal 8 (6.8)
Loss of consciousness 4 (3.4)

Respiratory
Dyspnea 5 (4.2)
Chest discomfort 45 (38.1)
Wheezing 15 (12.7)
Cough 2 (1.7)

Generalized
Sweating 27 (22.9)
Chills 3 (2.5)
Fever 3 (2.5)

Cardiovascular
Hypotension 13 (11.0)
Tachycardia 21 (17.8)

Vision
Blurred vision 2 (1.7)
Conjunctival congestion 3 (2.5)

Anaphylaxis 6 (5.1)
Others 7 (5.9)

Grade of severity
1 24 (20.3)
2 76 (64.4)
3 12 (10.2
4 6 (5.1)

The median time of hypersensitivity Reactions in different grades (min)
1 60 (10–1440)
2 19 (2–180)
3 10 (5–120)
4 22 (2–60)

Management
Discontinuation of oxaliplatin administration 100 (84.7)
Histamine-receptor 1 antagonist 61 (51.7)
Dexamethasone 72 (61.0)
Oxygen 34 (28.8)
Subcutaneous adrenaline 10 (8.5)
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hematotoxicity, peripheral neurotoxicity, HSRs and abnormal liver
function were the main common ADRs of OXA, in which the latter
two had unique characteristics, need more attention, and warrant
close monitoring during OXA infusion. Although further studies are
still required, this study provides valuable reference for the rational
use of OXA and has great guidance for the management of OXA-
induced ADRs in routine clinical practice.
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The Role of Genetic Polymorphisms in
High-Dose Methotrexate Toxicity and
Response in Hematological
Malignancies: A Systematic Review
and Meta-Analysis
Zaiwei Song1,2,3, Yang Hu1,2,3,4, Shuang Liu1,2,3, Dan Jiang1,2,3,4, Zhanmiao Yi1,2,3,
Mason M. Benjamin5 and Rongsheng Zhao1,2,3*

1Department of Pharmacy, Peking University Third Hospital, Beijing, China, 2Institute for Drug Evaluation, Peking University Health
Science Center, Beijing, China, 3Therapeutic Drug Monitoring and Clinical Toxicology Center, Peking University, Beijing, China,
4Department of Pharmacy Administration and Clinical Pharmacy, School of Pharmaceutical Sciences, Peking University, Beijing,
China, 5Department of Pharmaceutical Sciences, College of Pharmacy, University of Michigan, Ann Arbor, MI, United States

Objective: High-dose methotrexate (HDMTX) is a mainstay therapeutic agent for the
treatment of diverse hematological malignancies, and it plays a significant role in
interindividual variability regarding the pharmacokinetics and toxicity. The genetic
association of HDMTX has been widely investigated, but the conflicting results have
complicated the clinical utility. Therefore, this systematic review aims to determine the role
of gene variants within the HDMTX pathway and to fill the gap between knowledge and
clinical practice.

Methods: Databases including EMBASE, PubMed, Cochrane Central Register of
Controlled Trials (CENTRAL), and the Clinical Trials.gov were searched from inception
to November 2020. We included twelve single-nucleotide polymorphisms (SNPs) within
the HDMTX pathway, involving RFC1, SLCO1B1, ABCB1, FPGS, GGH, MTHFR, DHFR,
TYMS, and ATIC. Meta-analysis was conducted by using Cochrane Collaboration Review
Manager software 5.3. The odds ratios (ORs) or hazard ratios (HRs) with 95% confidence
interval (95% CI) were analyzed to evaluate the associations between SNPs and clinical
outcomes. This study was performed according to the PRISMA guideline.

Results: In total, 34 studies with 4102 subjects were identified for the association analysis.
Nine SNPs involving MTHFR, RFC1, ABCB1, SLCO1B1, TYMS, FPGS, and ATIC genes
were investigated, while none of studies reported the polymorphisms ofGGH andDHFR yet.
Two SNPs were statistically associated with the increased risk of HDMTX toxicity: MTHFR
677C>T and hepatotoxicity (dominant, OR�1.52, 95% CI�1.03-2.23; recessive, OR�1.68,
95% CI�1.10–2.55; allelic, OR�1.41, 95% CI�1.01–1.97), mucositis (dominant, OR�2.11,
95% CI�1.31–3.41; allelic, OR�1.91, 95% CI�1.28–2.85), and renal toxicity (recessive,
OR�3.54, 95%CI�1.81–6.90; allelic, OR�1.89, 95%CI�1.18–3.02); ABCB1 3435C>T and
hepatotoxicity (dominant, OR�3.80, 95% CI�1.68-8.61), whereas a tendency toward the
decreased risk of HDMTX toxicity was present in three SNPs: TYMS 2R>3R and mucositis
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(dominant, OR�0.66, 95% CI�0.47–0.94); RFC1 80A>G and hepatotoxicity (recessive,
OR�0.35, 95% CI�0.16–0.76); and MTHFR 1298A>C and renal toxicity (allelic, OR�0.41,
95% CI�0.18–0.97). Since the data of prognosis outcomes was substantially lacking,
current studies were underpowered to investigate the genetic association.

Conclusions: We conclude that genotyping of MTHFR and/or ABCB1 polymorphisms
prior to treatment,MTHFR 677C>T particularly, is likely to be potentially useful with the aim
of tailoring HDMTX therapy and thus reducing toxicity in patients with hematological
malignancies.

Keywords: methotrexate, pharmacogenetics, polymorphism, toxicity, hematological malignancies

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common
neoplasm in children, accounting for about 30 percent of all
pediatric malignancies (Coluzzi et al., 2020). High-dose
methotrexate (HDMTX) is commonly defined as an
intravenous dose greater than 500 mg/m2 (Howard et al.,
2016), and HDMTX is recommended as an essential
component of chemotherapy for ALL and non-Hodgkin
lymphoma (NHL) in clinical guidelines (National
Comprehensive Cancer Network, 2021a; b; c). Although
breakthroughs have been made in the complex treatment of
hematological malignancies, HDMTX still plays a key role and
is established as the first-line drug (Gervasini and Mota-
Zamorano, 2019). However, patients differ largely in their
response to treatment regarding HDMTX pharmacokinetics
and toxicities, even when given the identical dose
(Schmiegelow, 2009; Giletti and Esperon, 2018). Serious and
life-threatening toxicity can occur in patients, leading to
treatment interruption and discontinuation, dose reduction,
poor prognosis, and even death (Howard et al., 2016;
Purkayastha et al., 2018).

The interindividual diversity in the response to HDMTX can be
partially explained by genetic variations involved in the MTX
pathway, including cellular transport, drug metabolism, and target
(Giletti and Esperon, 2018). Regarding transcellular transport, the
cellular influx and efflux are mainly mediated by the reduced folate
carrier 1 (RFC1/SLC19A1) (Zhao et al., 2011) and ATP-binding
cassette transporters (ABC, predominantly ABCB1) (Assaraf,
2006), respectively. In some tissues, the influx process is related
to organic anion transporting polypeptides (OATP/SLCO) (Wang
et al., 2019). Regarding the polyglutamation pathway, MTX is
converted into polyglutamate forms (PGMTX) by the enzyme
folylpolyglutamate synthetase (FPGS) once inside the cell, and this
process can be reversed by the enzyme gamma-glutamyl hydrolase
(GGH) (Giletti and Esperon, 2018). Regarding the target,
dihydrofolate reductase (DHFR), thymidylate synthase (TYMS/
TS), and 5-aminoimidazole-4-carboxamide ribonucleotide
transformylase (ATIC) are main therapeutic targets of
HDMTX. And it has an indirect effect on
methylenetetrahydrofolate reductase (MTHFR) (Giletti and
Esperon, 2018). The cellular metabolic pathway and targets of
HDMTX are summarized in Figure 1.

In recent years, pharmacogenetics of MTX has become a
wide clinical concern and research focus. Numerous
pharmacogenetic studies have evaluated the associations of
HDMTX genetic polymorphism and outcomes (Avivi et al.,
2014; Yang et al., 2017; Kotur et al., 2020), whereas the
conflicting and contrasting evidence complicates the clinical
utility. Six systematic reviews focusing on hematological
malignancies have also been published and reported
inconsistent findings (Yang et al., 2012; Lopez-Lopez et al.,
2013; He et al., 2014; Zhao et al., 2016; Oosterom et al., 2018;
Yao et al., 2019). However, most of systematic reviews did not set
strict restrictions on the high dose (HDMTX) (Yang et al., 2012;
Lopez-Lopez et al., 2013; He et al., 2014; Zhao et al., 2016; Yao
et al., 2019), although the side effect profile of MTX varies
markedly as its dose changes, and the pharmacogenetic
associations may differ. Obviously, studies included in the
latest systematic review (Yao et al., 2019) were published
before January 2018, and the included data might be out of
date. For example, four recent cohort studies (Chae et al., 2020;
Esmaili et al., 2020; Kotur et al., 2020; Chang et al., 2021)
investigating HDMTX pharmacogenetics were published in
2020. In addition, previous systematic reviews only included
individual polymorphisms, focusing on toxicity but not
prognosis outcomes (He et al., 2014; Zhao et al., 2016;
Oosterom et al., 2018). Currently, there still exists gap between
pharmacogenetic research and genetic testing in clinical practice.
Predicting the toxic effects and tailoring HDMTX doses still
remain an unmet clinical need in HDMTX therapy.

Thus, we conducted a systematic review to assess the
association between gene polymorphisms within the HDMTX
pathway and HDMTX toxicity or response in patients with
hematological malignancies, aiming to provide applicable
evidence for further personalized medications and fill the gap
between knowledge and clinical practice.

METHODS

This study was performed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement (Moher et al., 2009). The PRISMA checklist was
included in Supplementary Material I (Supplementary Table
S1). The protocol for this systematic review has been registered in
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the International Prospective Register of Systematic Reviews
(PROSPERO, No. CRD42018096986).

Eligibility Criteria
Studies were considered eligible if they satisfied all of the
following inclusion criteria: 1) type of studies: cohort study; 2)
type of subject: patients with ALL, NHL, and other hematological
malignancies receiving HDMTX chemotherapy, with no
restrictions on ethnicity, gender, or age; 3) classification of
exposure: patients were grouped by wild or mutant genotype
of included genes within the HDMTX pathway (Table 1). There
were 12 genetic polymorphisms in total, including but not limited
to genes involved in the Pharmacogenomics Knowledge Base
(PharmGKB, https://www.pharmgkb.org/guidelineAnnotations),
which contains recommendations from the Clinical
Pharmacogenetics Implementation Consortium (CPIC) and
other national association of pharmacogenomics; and 4) types
of outcomes measured: HDMTX-related toxicity and prognosis
outcomes. The toxicity outcomes included the rate of hepatic
toxicity, renal toxicity, oral mucositis, gastrointestinal (GI)
toxicity, neurotoxicity, dermal toxicity, overall toxicity, and
therapeutic interference due to toxicity. The toxicity outcomes
were identified by the Common Terminology Criteria for Adverse
Events established by American National Cancer Institute (NCI-
CTC) or Toxicity Grading Scale for Determining the Severity of
Adverse Events of Chemotherapeutic Drugs established by the

World Health Organization (WHO) or other common criteria.
Grade 3 to 4 (G3-4) indicates severe toxicity. The prognosis
outcomes included overall survival (OS), progression-free
survival (PFS), disease-free survival (DFS), event-free survival
(EFS), relapse-free survival (RFS), and relapse/death. The
exclusion criteria were as follows: duplicate publications;
abstracts without available full texts; unqualified data; and
studies not in accordance with the Hardy–Weinberg

TABLE 1 | Genetic polymorphisms within the HDMTX pathway

Gene SNP Polymorphisms Remark

Transcellular transport
RFC1/SLC19A1 rs1051266 80A>G Research focus
SLCO1B1 rs4149056 521T>C
ABCB1 rs1045642 3435C>T Research focus

Polyglutamation pathway
FPGS rs10106 1994A>G
FPGS rs1544105 2752G>A
GGH rs3758149 401C>T

Targets
MTHFR rs1801133 677C>T Research focus
MTHFR rs1801131 1298A>C Research focus
DHFR rs408626 317A>G
DHFR rs442767 680C>A
TYMS/TS rs34743033 2R/3R
ATIC rs2372536 347C>G

FIGURE 1 | Cellular metabolic pathway and targets of HDMTX.
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equilibrium (HWE) (Trikalinos et al., 2006) or not reporting the
genotype distribution.

Search Strategy
Electronic databases including PubMed, Embase, Cochrane
Central Register of Controlled Trials (CENTRAL), and
Clinical Trials.gov were searched for potentially relevant
studies from inception to November 11, 2020. Specific search
strategies were developed for each database. The combination of
keywords (“Methotrexate”) AND ("Hematologic neoplasms” OR
Hematologic malignancy” OR “Leukemia” OR “Lymphoma”)
AND (“Gene” OR “Polymorphism” OR “Pharmacogenetics”
OR “Polymorphism, single nucleotide”) were used to search
the title and abstract of queried literature (Supplementary
Material II). No restrictions were placed on study design or
language. The reference lists of previous systematic reviews and
included literature were searched manually.

Study Selection
Two authors (ZS and YH) independently assessed the eligibility
of all studies based on the aforementioned inclusion and
exclusion criteria after reviewing the study title, abstract, and
full text in succession. Studies were included in only the
systematic review (but not the meta-analysis) if their findings
were relevant to the research question, but data were not available
for quantitative analysis. Any disagreement among authors was
discussed and reconciled by the corresponding author (RZ).

Data Extraction
Two authors (ZS and YH) independently extracted data based on
a predesigned standardized extraction form, including the first
author and publication year, country, ethnicity, diagnosis, sample
size and genotype distribution, gender (female/male), age (years),
MTX dose, calculated p-value for HWE, outcomes, and individual
results of the single study. Study authors were contacted for
missing data.

Quality Assessment/Risk of Bias
Two authors (ZS and YH) independently assessed the quality of
studies under the Newcastle–Ottawa Scale (NOS) (Stang, 2010),
as recommended in the Cochrane Handbook. The NOS attributes
a maximum of 9 points to studies based onmethodological design
and formal reporting, involving “selection of cohorts,”
“comparability of cohorts,” and “assessment of outcome.” NOS
scores ranging from 7 to 9 points indicate high quality, 5 to 6
indicate medium quality, and 0 to 4 indicate low quality.
Disagreements regarding data extraction and quality
assessment were resolved by consensus or, when necessary, by
consulting the corresponding author (RZ).

Statistical Analyses
A chi-square test was performed to verify genotype distributions
using SPSS version 25.0. A p-value greater than 0.05 would
indicate accordance with the HWE. Before conducting the
meta-analysis, clinical heterogeneity was estimated by
comparing the diagnosis, efficacy or toxicity criteria, and other
clinical features among studies. If two or more studies reported

the same outcome and obvious clinical heterogeneity was not
observed, meta-analysis was performed to quantitatively integrate
outcomes by using the Cochrane Collaboration review manager
software 5.3 (RevMan 5.3). Otherwise, only a descriptive analysis
was performed.

The meta-analysis was performed as follows: 1) odds ratios
(ORs) and hazard ratios (HRs) were calculated to evaluate the
genetic association of toxicity or prognosis outcomes,
respectively. And if the corresponding 95% confidence
intervals (95% CIs) of the OR value (HR value) did not
overlap with the value of 1 and the p-value was less than 0.05,
the association was considered statistically significant. 2) The
pooled OR or HR was calculated under the dominant model
(MM/Mm vsmm), recessive model (MM vsMm/mm), and allelic
model (M vs m), where M is the mutant allele such that the G
allele at RFC1 80A>G, C allele at SLCO1B1 521T>C, T allele at
ABCB1 3435C>T, and so on; m is the wild allele, such that the A
allele at RFC1 80A>G, T allele at SLCO1B1 521T>C, C allele at
ABCB1 3435C>T, and so on. 3) The fixed-effect model was used
initially, and the random-effects model was adopted when
unidentified significant heterogeneity was detected. 4) The
heterogeneity across the studies was assessed using a chi-
square-based Q-test and I2 statistics. Pheterogeneity (Phet) values
<0.05 and I2 values >50% were considered to indicate significant
heterogeneity (Sedgwick, 2015), and in these cases, the source of
heterogeneity was investigated by examining the steps taken to
check data and perform the subgroup analysis and sensitivity
analysis. If the potential sources of heterogeneity remained
unclear, the random-effects model was used, or the descriptive
analysis was performed. 5) Subgroup analyses were performed
based on patients’ age. Age subgroups were defined as pediatric,
adult, and mixed-age. Psubgroup (Psub) <0.05 indicated a
statistically significant difference across subgroups.

Sensitivity Analyses and Publication Bias
Assessment
Sensitivity analyses were conducted to assess the impact of
individual studies on the pooled estimates and the stability of
the pooled estimates. A pooled OR (HR) was recalculated after
removing each single primary study one by one and replacing the
statistical model of meta-analysis. Publication bias was assessed
by inspecting the funnel plot visually, and it was considered to be
valid when 10 or more studies were included (Sedgwick and
Marston, 2015).

RESULTS

Electronic Searches and Study Selection
A total of 4395 candidate references were identified in electronic
database searches, and no additional reference was identified
using a manual search. Of the total 4395 candidates, 441 duplicate
references were removed and then 3904 were excluded after
careful review of the titles and abstracts. Only 50 references
were recognized as relevant and then we assessed all full texts.
The PRISMA 2020 flow diagram is shown in Figure 2. Of the
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total 50 references, five did not focus on HDMTX, six did not
report the targeted outcomes, three did not accord with HWE,
and two did not have qualified data. Finally, according to the
aforementioned inclusion and exclusion criteria, 34 studies were
included in our systematic review. Of the 34 studies (Laverdière
et al., 2002; Kishi et al., 2003; Seidemann et al., 2006; Shimasaki
et al., 2006; Imanishi et al., 2007; Ruiz-Argüelles et al., 2007;
Ashton et al., 2009; Faganel Kotnik et al., 2010; D’Angelo et al.,
2011; Faganel Kotnik et al., 2011; Liu et al., 2011; Chiusolo et al.,
2012; Erčulj et al., 2012; Haase et al., 2012; Fukushima et al., 2013;
Radtke et al., 2013; Yanagimachi et al., 2013; Avivi et al., 2014;
Erculj et al., 2014; Suthandiram et al., 2014; den Hoed et al., 2015;
Ma et al., 2015; Huang et al., 2016; Tsujimoto et al., 2016; Choi
et al., 2017; Giletti et al., 2017; Liu et al., 2017; Yang et al., 2017;
Yazıcıoğlu et al., 2017; Oosterom et al., 2018; Chae et al., 2020;
Esmaili et al., 2020; Kotur et al., 2020; Chang et al., 2021)
included, 31 studies were included in the meta-analysis and
three studies were only included for the descriptive analysis
since the meta-analysis was infeasible.

Study Characteristics and Quality
Assessment
In total, 34 studies involving 4102 patients were included for
investigating the associations between genetic polymorphisms
and HDMTX outcomes. Of the studies included, 14 studies
reported the polymorphisms of RFC1 (rs1051266), six studies
SLCO1B1 (rs4149056), seven studies ABCB1 (rs1045642), one
study FPGS (rs10106), one study FPGS (rs1544105), 26 studies
MTHFR (rs1801133), 17 studies MTHFR (rs1801131), six studies
TYMS (rs34743033), and one study ATIC (rs2372536). None of
studies reported the polymorphisms of GGH (rs3758149) and
DHFR (rs408626, rs442767) yet. Among included studies, 20 and
14 studies were conducted in the ethnicity of Caucasian and
Asian, respectively. Patients’ diagnosis included ALL, acute
myeloid leukemia (AML), diffuse large B-cell lymphoma
(DLBCL), primary CNS lymphoma (PCNSL), and other NHL.
A total of 25 studies included pediatric patients only, 8 studies
included adult patients only, and one study did not impose
restrictions on patient age. All the studies were in accord with

FIGURE 2 | PRISMA 2020 flow diagram of studies selection for the systematic review and meta-analysis.
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the HWE. And 30 studies reported toxicities outcomes, while
prognosis outcomes were involved in 14 studies. Regarding
quality assessment, 2 studies earned a full NOS score of 9
points, 19 studies earned 8 points, and 11 studies earned 7
points, varying mainly in presentation of the outcomes at
the start of study and outcome follow-up. The average NOS
score of all studies was 7.6 points, indicating a relatively high
quality of overall methodology. The main characteristics
and NOS scores of the studies included are summarized in
Table 2. And the detailed NOS scores of the studies included
are given in Supplemental Material III (Supplementary
Table S2).

Overall Findings
The overall findings are summarized in Table 3. Regarding the
cellular transport and metabolism, RFC1 (rs1051266) was
associated with a reduced risk of hepatic toxicity and
overall toxicity (in pediatric), while ABCB1 (rs1045642) was
associated with an increased risk of hepatic toxicity. No
association was observed in other toxicities outcomes and
genetic polymorphisms. According to findings of prognostic
outcomes from individual studies, RFC1 (rs1051266) was
associated with worse 2y-OS and 2y-PFS (in adult), and
SLCO1B1 (rs4149056) was associated with worse 5y-EFS (in
pediatric). However, FPGS (rs1544105) was associated with
better 2y-OS (in adult). No association was observed in other
outcomes of relapse.

Regarding the target, the polymorphisms of MTHFR were
the most extensively investigated genes. MTHFR (rs1801133)
was associated with an increased risk of hepatic toxicity,
renal toxicity, mucositis, and therapeutic interference (in
pediatric). In contrast, MTHFR (rs1801133), MTHFR (rs1801131),
and TYMS (rs34743033) were associated with a reduced risk
of G3-4 hepatic toxicity, renal toxicity, and mucositis,
respectively. Only one study investigated the polymorphisms
of ATIC (rs2372536), and it reported the lack of association
of the neurotoxicity. According to findings of prognostic
outcomes from individual studies, no association was observed.

Meta-Analysis of Genetic Polymorphisms
Within the Cellular Transport and
Metabolism
The Association Between RFC1 (rs1051266) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome
under three genetic models is summarized in Figure 3 and
Supplementary Table S3. Regarding toxicity outcomes,
significant associations were found in the outcomes of
hepatotoxicity and overall toxicity. The pooled OR (95%
CI) of hepatotoxicity was dominant, 0.62 (0.33–1.16);
recessive, 0.35 (0.16–0.76) (Supplementary Figure S1); and
allelic, 0.77 (0.48–1.21). The pooled OR of renal toxicity under
three genetic models was 0.93 (0.41–2.10), 0.73 (0.21–2.56),
and 0.91 (0.49–1.70), respectively. The pooled OR (95% CI) of
mucositis under three genetic models was 0.91 (0.54–1.52),
0.99 (0.60–1.61), and 0.90 (0.61–1.32), respectively. Besides, a

single study of pediatric patients (Laverdière et al., 2002)
reported RFC1 was associated with a reduced risk of overall
toxicity (GG vs GA/AA: p < 0.05). Neither significant
heterogeneity nor significant subgroup difference was
detected in most comparisons. A moderate heterogeneity
was only found in hepatotoxicity under the dominant
model (Phet � 0.02, I2 � 65%). Regarding prognosis
outcomes, qualitative analysis was performed since meta-
analysis was unfeasible. Significant associations were found
between RFC1 and worse 2y-OS and 2y-PFS (GG vs GA/AA:
p < 0.05), but the association was not observed in the outcome
of relapse.

The Association Between SLCO1B1 (rs4149056) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome under
three genetic models is summarized in Figure 3 and
Supplementary Table S4. Regarding toxicity outcomes, no
significant association was found in the outcomes of hepatic
toxicity, renal toxicity, mucositis, and other toxicities. A
considerable heterogeneity was detected in hepatotoxicity
under the dominant model (Phet � 0.0008, I2 � 91%), which
was partially related to significant differences among pediatric
and adult subgroups (Supplementary Table S4). The pooled OR
(95% CI) of pediatric and adult patients was 0.31 (0.13–0.76) and
3.05 (1.12–8.32), respectively. Regarding prognosis outcomes,
qualitative analysis was performed since meta-analysis was
unfeasible. Significant associations were found between
SLCO1B1 (rs4149056) and worse 5y-EFS (CC vs TC/TT: p <
0.05), but the association was not observed in the outcomes of
relapse.

The Association Between ABCB1 (rs1045642) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome under
three genetic models is summarized in Figure 3 and Supplementary
Table S5. Regarding toxicity outcomes, the pooled OR (95% CI) of
hepatotoxicity was dominant, 3.80 (1.68–8.61) (Supplementary
Figure S2); recessive, 1.91 (0.89–4.09); and allelic, 1.61
(0.89–2.90). Remarkably, for adult patients, the pooled OR (95%
CI) of hepatotoxicity under the recessive model was 3.38
(1.07–10.68), which was inconsistent with the overall results of
general population. However, neither significant heterogeneity
nor significant subgroup difference was detected in all meta-
analyses. Regarding prognosis outcomes, two studies (Ma et al.,
2015; Esmaili et al., 2020) with conflicting results reported the
outcome of EFS, so the association still remained ambiguous.

The Association Between FPGS (rs10106, rs1544105)
and Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations is summarized at
Supplementary Tables S6, S7. One study (Yang et al., 2017)
reported no association of FPGS (rs10106) and the risk of hepatic
toxicity in adults (GG vs AG/AA: OR � 0.60, 95% CI � 0.27–1.32).
Conversely, another study (Huang et al., 2016) reported the
association of FPGS (rs1544105) and better 2y-OS in adults, with
the HR (95% CI) � 0.45 (0.24–0.84) under the recessive model.
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TABLE 2 | Main characteristics and NOS scores of the studies included

Author-year Country Ethnicity No.
of

cases

F/M Age (y) HWE Outcome RFC1/
SLC19A1

SLCO1B1 ABCB1 FPGS MTHFR MTHFR TYMS/MS ATIC NOS
score

80 A>G
rs1051266

521 T>C
rs4149056

3435 C>T
rs1045642

2752 G > A,
rs1544105;

1994
A>G,

rs10106

677 C>T
rs1801133

1298
A>C

rs1801131

2R>3R
rs34743033

347 C>G
rs2372536

Esmaili M
A-2020

Iran Caucasian 74 28/46 Median 5,
pediatric

Yes Toxa,
Progb

AGb Tox Ta Prog TTa Prog ACa Tox 7

Kotur
N-2020

Serbia Caucasian 148 54/94 Median
5.5
(0.9–17.6)

Yes Tox Ga Tox NSc NS NS 7

Liu S G-2017 China Asian 322 NR Median 4
(1.0–15.0)

Yes Tox, Prog NS CCa Prog NS 7

Den Hoed
M-2014

Netherlands Caucasian 134 64/70 Median
5.3
(1.4–18.1)

Yes Tox NS NS NS NS 8

Suthandiram
S-2014

Malaysia Asian 71 35/36 36.6 ±
14.2

Yes Tox Ga Tox Tb Tox TTb Tox NS 8

Yanagimachi
M-2013

Japan Asian 51 25/26 Median
5.9 (1–15)

Yes Tox NS NS NS 6

Chiusolo
P-2012

Italy Caucasian 54 25/29 Median
52
(15–78)

Yes Tox, Prog GGa Prog NS Ca Tox 8

Faganel K
B-2011

Slovenia Caucasian 64 38/26 Median 5
(1.6–16.8)

Yes Tox NS NS Tb Tox NS 3Ra Tox 8

Faganel K
B-2010

Slovenia Caucasian 60 37/23 Pediatric Yes Tox, Prog NS 8

Ashton L
J-2009

Australia Caucasian 170 NR Pediatric Yes Prog GGa Prog NS 8

Imanishi
H-2007

Japan Asian 26 10/16 6.7 ± 4.7 Yes Tox NS NS 8

Shimasaki
N-2006

Japan Asian 15 9/6 Median
6 (1–14)

Yes Tox Gb Tox NS 8

Kishi S-2003 America Caucasian 53 23/30 Median
6 (0–18)

Yes Tox NS NS 7

Laverdiere
C-2002

Canada Caucasian 204 92/112 Pediatric Yes Tox, Prog GGa Tox,
GGb Prog

7

Yang L-2017 China Asian 105 33/72 42.5 ±
17.9

Yes Tox Cb Tox 1994
A>G NS

8

Avivi I-2014 Israel Caucasian 69 20/49 Median
56
(25–83)

Yes Tox Ca Tox NS NS NS 9

Fukushima
H-2013

Japan Asian 103 41/62 Median
7.43
(0.2–19.2)

Yes Tox, Prog NS Tb Tox Cb Prog,
Cb Tox

8

Tsujimoto
S-2016

Japan Asian 56 27/29 Median
5 (0–15)

Yes Tox NS NS NS 8

Ma C X-2015 China Asian 178 72/106 Median
30
(18–59)

Yes Tox, Prog Tb Tox 8

(Continued on following page)
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TABLE 2 | (Continued) Main characteristics and NOS scores of the studies included

Author-year Country Ethnicity No.
of

cases

F/M Age (y) HWE Outcome RFC1/
SLC19A1

SLCO1B1 ABCB1 FPGS MTHFR MTHFR TYMS/MS ATIC NOS
score

80 A>G
rs1051266

521 T>C
rs4149056

3435 C>T
rs1045642

2752 G > A,
rs1544105;

1994
A>G,

rs10106

677 C>T
rs1801133

1298
A>C

rs1801131

2R>3R
rs34743033

347 C>G
rs2372536

Chae H-2020 Korea Asian 117 35/82 Median
9 (5–13)

Yes Tox TTbTox NS 8

Chang
X-2021

China Asian 32 11/21 ≥14 Yes Tox TTbTox 8

Giletti-2017 Uruguayan Caucasian 41 12/29 36 ± 13.9 Yes Tox NS 7
Yazicioglu
B-2017

Turkey Caucasian 106 39/67 Median
5 (1–17)

Yes Tox, Prog NS NS NS 7

Choi Y
J-2016

Korea Asian 111 53/58 Median
60
(17–86)

Yes Tox TbTox 8

Erculj N-2014 Slovenia Caucasian 29 4/25 Median
11 (1–8)

Yes Tox TbTox NS NS 8

Erculj,
N-2012

Slovenia Caucasian 167 87/80 Median
4.7
(0.3–18)

Yes Tox, Prog NS NS NS 8

Haase
R-2012

Germany Caucasian 34 17/17 7.1 ± 4.8 Yes Tox NS NS 7

D’Angelo
V-2011

Italy Caucasian 151 48/103 Pediatric Yes Prog TTaProg NS 7

Liu S G-2011 China Asian 181 66/115 5.7 ± 3.6 Yes Tox NS CaTox 8
Ruiz-Arg elles
G J-2007

Mexico Caucasian 28 7/21 Mean
16.5
(0–40)

Yes Tox NS 6

Seidemann-
2006

Austria,
Germany,
Switzerland

Caucasian 484 144/340 Pediatric Yes Prog NS 7

Huang
Z-2016

China Asian 57 26/31 5.9 ± 4.3 Yes Prog 2752
AAbProg

9

Oosterom
N-2017

Netherlands Caucasian 108 49/59 Median
5.7 (1–18)

Yes Tox NS 7

Radkte
S-2013

Germany Caucasian 499 204/295 6.4 ± 4.0 Yes Tox, Prog CCaProg 3RaTox 8

Note:b: increase; a: reduce.
Abbreviation:
aTox: toxicity.
bProg: prognosis.
cNS: no significant association between the genetic polymorphisms and the outcomes.
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FIGURE 3A-B | (A) Findings of the association between RFC1 (rs1051266) and HDMTX-related outcomes under three genetic models. (B) Findings of the
association between SLCO1B1 (rs4149056) and HDMTX-related outcomes under three genetic models.
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FIGURE 3C-D | (C) Findings of the association between ABCB1 (rs1045642) and HDMTX-related outcomes under three genetic models. (D) Findings of the
association between MTHFR (rs1801133) and HDMTX-related outcomes under three genetic models.
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Meta-Analysis of Genetic Polymorphisms
Within the Drug Targets
The Association Between MTHFR (rs1801133) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome under
three genetic models is summarized at Figure 3 and
Supplementary Table S8. Regarding toxicity outcomes,
significant associations were found in the outcomes of

hepatotoxicity, G3-4 hepatotoxicity, renal toxicity, and
mucositis. The pooled OR (95% CI) of hepatotoxicity was
dominant, 1.52 (1.03–2.23) (Supplementary Figure S3);
recessive, 1.68 (1.10–2.55); and allelic, 1.41 (1.01–1.97). On the
contrary, the pooled OR (95% CI) of G3-4 hepatotoxicity under
the dominant model was 0.16 (0.06–0.41). The pooled OR of
renal toxicity under three genetic models was 1.84 (0.92–3.69),
3.54 (1.81–6.90), and 1.89 (1.18–3.02), respectively. The pooled

FIGURE 3E-F | (E) Findings of the association between MTHFR (rs1801131) and HDMTX-related outcomes under three genetic models. (F) Findings of the
association between TYMS (rs34743033) and HDMTX-related outcomes under three genetic models.
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OR (95% CI) of mucositis under three genetic models was 2.11
(1.31–3.41), 1.52 (0.95–2.41), and 1.91 (1.28–2.85), respectively.
Significant heterogeneity was detected in several positive results,
which can be explained partially by significant differences
between pediatric and adult subgroups. Remarkably, the
associations of hepatic toxicity or renal toxicity were observed
in adults but not pediatric patients. However, the associations of
mucositis were observed in pediatric but not adult patients
(Supplementary Table S8). Regarding prognosis outcomes,
significant association was found between MTHFR (rs1801133)
and an increased risk of relapse/death (TT vs CT/CC: p < 0.05) in
pediatric patients in a single study (D’Angelo et al., 2011), but the
association was not observed in other outcomes of OS, RFS, and
5y-EFS.

The Association Between MTHFR (rs1801131) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome under
three genetic models is summarized at Figure 3 and
Supplementary Table S9. Regarding toxicity outcomes,
significant association was only found in the outcome of renal
toxicity. The pooled OR (95% CI) of hepatotoxicity under three
genetic models was 0.70 (0.47–1.03), 1.12 (0.61–2.05), and 0.88
(0.56–1.37), respectively. Notably, the association of hepatic
toxicity was observed in pediatric (AC/CC vs AA: OR�0.59,
95% CI�0.37–0.92) but not adult patients. The pooled OR of
renal toxicity under three genetic models was 0.61 (0.32–1.13),
0.79 (0.14–4.40), and 0.41 (0.18–0.97), respectively. The pooled
OR (95% CI) of mucositis under three genetic models was 0.77
(0.51–1.17), 0.70 (0.33–1.47), and 0.73 (0.46–1.15), respectively.
Neither significant heterogeneity nor significant subgroup
difference was detected in all comparisons (Supplementary
Table S9). Regarding prognosis outcomes in pediatric patients,
two studies (Erčulj et al., 2012; Fukushima et al., 2013) with
conflicting results reported the outcome of EFS, so the association
still remained ambiguous. No association was observed in other
prognosis outcomes of relapse/death, OS, and RFS.

The Association Between TYMS (rs34743033) and
Toxicities and Prognosis Outcomes
The pooled OR (HR) of the associations for each outcome under
three genetic models is summarized at Figure 3 and
Supplementary Table S10. A meta-analysis of four studies
showed that TYMS (rs34743033) was marginally associated
with a reduced risk of mucositis under the dominant model
(OR � 0.66, 95% CI � 0.47–0.94) (Supplementary Figure S4). No
association was observed in the outcomes of hepatotoxicity, renal
toxicity, neurotoxicity, and overall toxicity. Regarding prognosis
outcomes, meta-analysis was unfeasible since only single study
(Erčulj et al., 2012) reported the same outcomes, and no
association was found in outcomes of OS, EFS, and RFS.

The Association Between ATIC (rs2372536) and
Toxicities
The pooled OR of the associations is summarized at
Supplementary Table S11. Only one study (Tsujimoto et al.,
2016) investigated the relationship between ATIC (rs2372536)

and neurotoxicity in pediatric patients and did not report the
presence of an association.

Sensitivity Analyses
To assess the impact of individual studies on the overall pooled
estimate and explore potential sources of heterogeneity,
sensitivity analyses were conducted by removing each study
one by one for each comparison. In a total of 66 meta-
analyses in this study, substantial changes were indicated in a
small proportion of comparisons. For the meta-analysis of RFC1
(rs1051266), the outcome of hepatotoxicity under the dominant
model changed to OR � 0.39 with 95% CI � 0.19–0.80 after
excluding Esmali 2020 (Esmaili et al., 2020). For the MTHFR
(rs1801133), the statistically significant result of hepatotoxicity
under the dominant model changed substantially after excluding
Chang 2021 (Chang et al., 2021) or Suthandiram 2014
(Suthandiram et al., 2014) or Fukushima 2013 (Fukushima
et al., 2013) or switching into the random-effects model
(Figure 4). Similarly, the substantial changes of pooled OR
(95% CI) were detected in the following comparisons of
MTHFR (rs1801133): the result of hepatotoxicity under
recessive and allelic models after excluding Chang 2021
(Chang et al., 2021) or Suthandiram 2014 (Suthandiram et al.,
2014); the renal toxicity under recessive and allelic models after
excluding Chang 2021 (Chang et al., 2021); the mucositis under
dominant and allelic models after excluding Faganel 2011
(Faganel Kotnik et al., 2011); and the mucositis under the
recessive model after excluding Suthandiram 2014
(Suthandiram et al., 2014). However, the pooled estimate of all
the other comparisons did not change significantly when different
data were used, indicating that the conclusions of this study had a
certain degree of reliability.

Publication Bias Assessment
Publication bias was evaluated by analyzing the funnel plots
visually. Serious publication bias was not indicated in any of
the outcomes. For instance, the funnel plot (Supplementary
Figure S5) does not suggest any serious bias for hepatotoxicity
under the dominant model ofMTHFR (rs1801133). However, it is
notable that publication bias for some outcomes could not be
excluded entirely by visual inspection of the funnel plots.

DISCUSSION

General Findings and Trends
Recently, investigations into the HDMTX response from the
perspective of genetic variation have been relatively recent and
wide in scope. In this study, we conducted a systematic review
aiming to identify and summarize present evidence evaluating the
associations between genetic polymorphisms with HDMTX
toxicity and prognosis outcomes. With the aim of identifying
relevant variants that could be implemented in clinical prediction,
we reviewed and investigated genetic polymorphisms within the
whole pathway of drug metabolism and targets in this study. As
HDMTX is far more toxic than low-dose MTX (Schmiegelow,
2009), patients with malignant cancer receiving HDMTX are
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more easily associated with serious toxic responses than those
with rheumatoid arthritis. Besides, the dosage and infusion
regimens of HDMTX vary greatly in the treatment of
hematological malignancies and osteosarcoma (Ramsey et al.,
2018), so toxic responses can be markedly different in the two
malignant cancers. Therefore, we pay more attention to patients
with hematological malignancies in this present study.

The polymorphisms of RFC1 (rs1051266),ABCB1 (rs1045642),
and MTHFR (rs1801133, rs1801131) were the research focus in
current pharmacogenetic studies of HDMTX. The most
investigated clinical outcomes were hepatic toxicity and
mucositis, followed by renal toxicity, while prognostic
outcomes were reported by a small proportion of studies (14/
34). Generally speaking, our study confirmed that the MTHFR
677C>T (rs1801133) has a significant effect on the increased risk
of HDMTX toxicities (including hepatotoxicity, mucositis, and
renal toxicity), and the ABCB1 3435C>T (rs1045642) has a
significant effect on the increased risk of hepatotoxicity, which
corresponds to the findings in previous studies (Yang et al., 2012;
Zhao et al., 2016; Zhu et al., 2018; Yao et al., 2019; Maagdenberg
et al., 2021), whereas we found a tendency toward reduced risk of
hepatotoxicity in carriers of RFC1 80GG and toward reduced risk
of mucositis in those with TYMS 3R3R or 2R3R genotypes. Also, a
tendency toward reduced risk of renal toxicity was observed in
carriers with theMTHFR 1298 variant C allele, which was similar
to the results of mucositis and GI toxicity (Zhao et al., 2016) and
dermal toxicity (Yang et al., 2012). In other words, a protective
effect of some genetic polymorphisms on developing individual
toxicities is suggestive in our study. It is worth mentioning that
Lopez-Lopez 2013 (Lopez-Lopez et al., 2013) reported no
association between MTHFR 677C>T and MTX toxicity in
pediatric ALL (recessive model), and Oosterom 2018
(Oosterom et al., 2018) reported no association between TYMS
2R>3R and MTX toxicity in pediatric ALL (dominant model),
which were contrary to our findings. The inconsistent patient’s

age and MTX dosage may explain the discrepancy in different
findings. With regard to descriptive analysis, limited evidence
from single studies showed significant associations in the
following prognosis outcomes: RFC1 (rs1051266) and worse
2y-PFS and 2y-OS; SLCO1B1 (rs4149056) and worse 5y-EFS;
and FPGS (rs1544105) and better 2y-OS. Besides, a lack of
association was observed in other outcomes investigated in our
review.

Since HDMTX-related tolerance and toxicities might be
influenced by patients’ age in the real clinical practice (Zhu
et al., 2018), subgroup analysis was conducted to explore the
difference. Significant differences were suggestive in the following
outcomes: hepatotoxicity (SLCO1B1 rs4149056; MTHFR
rs1801133), renal toxicity (MTHFR rs1801133), and mucositis
(MTHFR rs1801133). It is worth mentioning that in the meta-
analysis of MTHFR (rs1801133), the aforementioned subgroup
differences can explain the heterogeneity of those outcomes with
positive findings (hepatotoxicity, renal toxicity, and mucositis) to
a certain extent. And patients’ age is possibly identified as a
potential contributor to the association with some certain
toxicities.

Review of Previous Meta-Analysis
As the associations between genetic variations and HDMTX
toxicities have become a wide clinical concern, some
systematic reviews or meta-analyses have been researched
earlier. Initially, we conducted an umbrella review of
systematic reviews about the pharmacogenetics of MTX
toxicity in patients with osteosarcoma or hematological
malignancies in 2019 (Song et al., 2019a). After performing an
update search and review in July 2021, we found six similar meta-
analyses (Yang et al., 2012; Lopez-Lopez et al., 2013; He et al.,
2014; Zhao et al., 2016; Oosterom et al., 2018; Yao et al., 2019) had
a discussion on this issue in patients with hematological
malignancies. Besides, three meta-analyses (Hagleitner et al.,

FIGURE 4 | Sensitivity analysis for meta-analysis of the association between MTHFR (rs1801133) and hepatotoxicity under the dominant model.
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2014; Zhu et al., 2018; Maagdenberg et al., 2021) included cancer
patients and did not distinguish between hematological
malignancies and osteosarcoma, although the dosage and
infusion regimens of HDMTX vary greatly in the two diseases
(Table 4).

To the best of our knowledge, there have not been any
previous meta-analysis to address the following points: 1)
investigated 12 genetic polymorphisms within the whole
HDMTX pathway and performed analysis on prognosis
outcomes, while most previous studies did not discuss these
issues (Yang et al., 2012; Lopez-Lopez et al., 2013; Hagleitner
et al., 2014; He et al., 2014; Zhao et al., 2016; Oosterom et al., 2018;
Zhu et al., 2018); 2) set strict restrictions on hematological
malignancies (specified diseases) and HDMTX (specified dose
ranges), since the side effect profile of MTX varies markedly as its
dose changes in clinical practice; 3) set strict restrictions on the
HWE of included pharmacogenetic research, since HWE is
crucial for genetic research; 4) analyzed the associations under
the dominant model, recessive model, and allelic model, since the
genetic models of HDMTX toxicities remain incompletely
understood and need validation, whereas most studies only
assumed one genetic model; 5) removed restrictions on patient
age and ethnicity, which enabled this review to include a greater
number of studies and populations than previous studies. The
main characteristics of our review and previous meta-analysis are
summarized in Table 4. Consequently, our review has provided a
comprehensive and up-to-date synthesis of present evidence, and
a more reliable conclusion of the association could be reached.

Biological Mechanisms
Currently, the biological mechanisms linking genetic
polymorphisms to HDMTX toxicities still remain incompletely
understood. In theory, the delayed MTX clearance or prolonged
and elevated exposure of MTX can potentially lead to an
increased risk of MTX-induced toxicities. But what is
interesting, in one study (Yanagimachi et al., 2013), although
an association with higher MTX plasma levels was observed, a
genetic association with renal toxicity could not be established,
which reminds us that other clinical and genetic factors may play
a role together.

The enzyme MTHFR plays a critical role in the folate
metabolism by catalyzing the conversion of 5,10-methylene-
tetrahydrofolate (THF) to 5-methyl-THF. This is the primary
circulating form of folate, which is needed to reduce the toxic
homocysteine to methionine. Through this process, folate is an
important donor of methyl groups for all intracellular
methylation processes (Taylor et al., 2021). The mutation
677C>T (rs1801133) causes a change of alanine to valine in
the protein, and the mutation 1298A>C (rs1801131) causes the
replacement of glutamate by valine, resulting in decreased
enzyme activity of MTHFR(Robien and Ulrich, 2003).
Therefore, the mutations lead to the reduction of folate and
then might exert an influence in HDMTX-related toxicities. MTX
is extruded by cells using different transporters including ABC
family members, and P-glycolprotein (P-gp) is a representative
cell membrane protein encoded by the gene ABCB1 (Castaldo
et al., 2011). The ABCB1 3435C>T (rs1045642) mutations can

affect the activity of P-gp and thus may play a role in HDMTX
toxicities.

Limitations and Future Perspective
Several limitations should be considered for our review. First, the
outcome measures we investigated were clinical outcomes of
HDMTX-related toxicities or prognosis and not the plasma
concentration or other pharmacokinetic outcomes of MTX,
since the relationships of clinical outcomes and plasma
concentration still remain to be verified. And notably, a recent
systematic review has discussed on pharmacogenetic factors
influencing HDMTX pharmacokinetics (Taylor et al., 2021).
Second, data of prognosis outcomes was substantially lacking,
which made the quantitative analysis unfortunately impossible
for the most prognosis outcomes. Therefore, the genetic
associations with prognostic outcomes still remain
inconclusive in this study. Third, the sample size of some
studies is too small (most are less than 200), and thus, its
statistical power might be limited. Furthermore, in addition to
the positive findings in the MTHFR rs1801133 and the TYMS
rs34743033, statistically significant results of other genetic
polymorphisms are only confirmed by meta-analysis of two to
three studies. The fact that a meta-analysis of two studies reveals
the association between MTHFR rs1801131 and a decreased risk
of renal toxicity (allelic model) means that the trend may not
reflect the actual situation, and the results should be cautiously
explained. Last but not least, although overall heterogeneity was
not observed, the baseline characteristics varied among studies
included, including diverse treatment protocols, infusion hours of
HDMTX, leucovorin rescue, and other therapy-related factors
which might contribute to the associations observed in these
studies.

The aforementioned limitations warrant future larger
validation studies into genetic association of HDMTX-related
clinical outcomes. In line with the research gaps, we would
recommend that further studies pay more attention to
prognosis outcomes and the genetic polymorphisms of FPGS
(rs10106, rs1544105), GGH (rs3758149), DHFR (rs408626,
rs442767), and ATIC (rs2372536). And the validation studies
are encouraged to calculate the sample size, establish analysis
strategies, and prospectively collect data of toxicity and prognosis.
With the aim to construct clinically relevant prediction models,
the future studies should not focus on the individual effect of
single polymorphisms but take into account other
polymorphisms within the whole pharmacokinetic and targets/
folate pathway. Besides, the prospective cohort studies are
encouraged to confirm the clinical benefits of genetic testing
by comparing the differences between patients performing
genetic testing and those who have not carried out testing.

Recommendation for Clinical Practice
In light of the findings in this study, associations between genetic
variations and the increased/decreased risk of HDMTX toxicities
are observed, whereas the association of prognosis outcomes still
remains inconclusive due to lacking data. From a clinician or
pharmacist’s point of view, we focus more on the role of genetic
testing in predicting increased toxicity to tailor MTX therapy,
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TABLE 3 | Overall findings

Dominant model Recessive model Allelic model Other
findings of prognosisa

RFC1 A80G (rs1051266) GG/AG vs AA GG vs AG/AA G vs A
Hepatotoxicity = a =
G3-4 hepatotoxicity (pediatric) = No data No data
Renal toxicity = = =
Mucositis = = =
G3-4 mucositis (pediatric) = = =
Neurotoxicity (pediatric) = = =
G3-4 neurotoxicity (pediatric) = = =
GIb toxicity (pediatric) = No data =
Overall toxicity (pediatric) = a =
Therapeutic interference (pediatric) = = =
Relapse (pediatric) = = =
2y-PFS (adult) No data a No data NRc

2y-OS (adult) No data a No data NR
5y-EFS (pediatric) No data = No data NR
SLCO1B1 T521C (rs4149056) CC/TC vs TT CC vs TC/TT C vs T
Hepatotoxicity = No data No data
Renal toxicity (pediatric) = No data No data
G3-4 mucositis (pediatric) = = =
GI toxicity (pediatric) No data = No data
Overall toxicity (adult) = = =
Relapse (pediatric) = No data No data
5y-EFS (pediatric) No data a No data NR
ABCB1 C3435T (rs1045642) TT/CT vs CC TT vs CT/CC T vs C
Hepatotoxicity b = =
Renal toxicity (adult) No data = No data
Mucositis = = =
G3-4 Mucositis (pediatric) = = =
Neurotoxicity (pediatric) = = =
GI toxicity (adult) = No data No data
Overall toxicity (adult) = = =
Therapeutic interference (pediatric) = = =
EFS = ora No data No data NR
FPGS A1994G (rs10106) GG/AG vs AA GG vs AG/AA G vs A
Hepatotoxicity (adult) No data = No data
FPGS G2752A (rs1544105) AA/GA vs GG AA vs GA/AA A vs G
2y-OS (adult) No data b No data NR
MTHFR C677T (rs1801133) TT/CT vs CC TT vs CT/CC T vs C
Hepatotoxicity b b b

G3-4 hepatotoxicity a = =
Renal toxicity = b b

G3-4 renal toxicity (pediatric) = No data No data
Mucositis b = b

G3-4 mucositis (pediatric) = = =
G3-4 GI toxicity (pediatric) = = =
Dermal toxicity (pediatric) = = =
Neurotoxicity (pediatric) = = =
Overall toxicity (adult) = = =
Therapeutic interference (pediatric) b = =
Relapse/death (pediatric) = b =
5y-EFS (pediatric) = = No data (TT vs CT vs CC) =
RFS (pediatric) = No data No data NR
OS (pediatric) = No data No data NR
MTHFR A1298C (rs1801131) CC/AC vs AA CC vs AC/AA C vs A
Hepatotoxicity = = =
G3-4 Hepatotoxicity (Pediatric) = = =
Renal toxicity = = a

G3-4 renal toxicity (pediatric) = No data No data
Mucositis = = =
G3-4 mucositis (pediatric) = = =
GI toxicity (pediatric) = = =
G3-4 GI toxicity (pediatric) = = =
Dermal toxicity (pediatric) = = =
Neurotoxicity (pediatric) = = =
Overall toxicity (adult) = = =

(Continued on following page)
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TABLE 4 | Main characteristics of our review and previous meta-analysis

Present
review

Maagdenberg
et al.
(2021)

Yao et al.
(2019)

Oosterom
et al.
(2018)

Zhu et al.
(2018)

Zhao
et al.
(2016)

He et al.
(2014)

Hagleitner
et al.
(2014)

Lopez-Lopez
et al.
(2013)

Yang
et al.
(2012)

Gene RFC1, SLCO1B1,
ABCB1, GGH,
FPGS, DHFR,
MTHFR, TYMS,
ATIC

RFC1, SLCO1B1,
DHFR, MTHFR,
TYMS, MTRR,
ABCC2, andetc

MTHFR TYMS MTHFR MTHFR RFC1 MTHFR MTHFR MTHFR

Population HMa HM, OSb HM ALLc HM, OS HM ALL HM, OS ALL ALL
Age No restriction No restriction No

restriction
Pediatric Pediatric Adult Pediatric No restriction Pediatric No

restriction
Outcomes Toxicity,

Prognosis
Mucositis Toxicity,

Prognosis
Mucositis Toxicity Toxicity Toxicity Hepatotoxicity Toxicity Toxicity

Dose
of MTX

HDMTX No restriction No
restriction

HDMTX HDMTX No
restriction

No
restriction

No restriction No restriction No
restriction

HWE
restriction

Yes Yes No
restriction

Yes No
restriction

No
restriction

No
restriction

No restriction No restriction No
restriction

Genetic
models

Domd,Rece,Allef Dom, Rec, Alle,
Overdomg

Dom Dom Dom,
Rec,
Homoh

Dom,
Rec, Alle,
Homo,
Heti

Dom Alle Rec Dom,
Rec, Alle,
Homo

Date of
search

Dec 2020 Aug 2019 Jan 2018 Oct 2017 Aug 2016 Sep 2015 Sep 2013 Dec 2010 Nov 2011 Sep 2011

Studies
included

34 57 17 8 14 6 15 7 24 14

Abbreviation:
aHM: hematological malignancies.
bOS: osteosarcoma.
cALL: acute lymphoblastic leukemia.
dDom: dominant model
eRec: recessive model.
fAlle: allelic model.
gOverdom: overdominant model.
hHomo: homozygote model.
iHet: heterozygote model.

TABLE 3 | (Continued) Overall findings

Dominant model Recessive model Allelic model Other
findings of prognosisa

Therapeutic interference (pediatric) = = =
Relapse/death (pediatric) = = =
EFS (pediatric) � orb No data No data (AC vs CC vs AA) =

(CC vs AA) a
RFS (pediatric) = No data No data NR
OS (pediatric) = No data No data NR
TYMS/MS 2R>3R (rs34743033) 3R3R/2R3R vs 2R2R 3R3R vs 2R3R/2R2R 3R vs 2R
Hepatotoxicity (pediatric) = No data No data
Renal toxicity (pediatric) = No data No data
Mucositis (pediatric) a = =
G3-4 mucositis (pediatric) = = =
Neurotoxicity (pediatric) = = =
Overall toxicity (pediatric) = No data No data
RFS (pediatric) = No data No data NR
OS (pediatric) = No data No data NR
EFS (pediatric) = No data No data (2R3R vs 3R3R vs 2R2R) =
ATIC 347C>G (rs2372536) GG/CG vs CC GG vs CG/CC G vs C
Neurotoxicity (pediatric) = = No data

Note: b: increase; a: reduce; �: no association between the genetic polymorphism and the outcome; � orb: no association or increase; � ora: no association or reduce.
aSeveral included studies reported outcomes of prognosis in other genetic models, and we also included these results for narrative analysis in the present review.
bGI: gastrointestinal.
cNR: not reported.
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while the data of the potentially protective effect may be less
meaningful clinically. With regard to clinical implementation of
pharmacogenomics (PGx), the certainty and reliability of
supporting evidence are important factors to consider. For
instance, the associations between MTHFR 677C>T
(rs1801133) and an increased risk of hepatotoxicity and
mucositis are demonstrated by meta-analysis of nine studies,
while the associations between ABCB1 3435C>T (rs1045642) and
hepatotoxicity are supported by meta-analysis of only three
studies.

With the aim to provide practical recommendations, we also
reviewed drug instructions of MTX, clinical guidelines or expert
consensus of HDMTX, CPIC, and several other
pharmacogenetics guidelines. The French National Network of
Pharmacogenetics (RNPGx) states that methotrexate
pharmacogenetic tests are potentially useful in cancer patients
(Quaranta and Thomas, 2017). The evidence-based practice
guideline of HDMTX medication of the Chinese
Pharmacological Society (Wang et al., 2021) states that the
genotyping of MTHFR 677C>T and 1298A>C polymorphisms
can be considered for patients with hematological malignancies
(weak recommendation, moderate quality evidence), and the
genotyping of ABCB1 3435C>T may be considered under
certain conditions (weak recommendation, low-quality
evidence). Further combining the PGx implementation of
HDMTX from Chinese perspective (Song et al., 2019b), we
would recommend clinicians to consider genetic testing of
MTHFR polymorphisms when necessary, and ABCB1
3435C>T can also be a potential candidate gene. Since patients
with gene mutations (MTHFR 677C>T particularly) are at the
risk of increased hepatotoxicity and/or mucositis, a relatively
lower dose and closer monitoring of plasma MTX concentrations
are advisable to these patients.

It is worth mentioning that although PGx research has been
advanced rapidly in recent years, the clinical implementation of
PGx has a long way to go (Guo et al., 2021). To reduce HDMTX-
related toxicities and improve outcomes, in addition to the role of
genetic polymorphisms, renal function evaluation prior to
treatment, co-medications, hydration and urinary alkalization,
therapeutic drug monitoring (TDM), and leucovorin rescue
might be taken into full consideration. Renal toxicity is one of
the most feared side effects of MTX, since the renal dysfunction
significantly delays MTX clearance and may cause other toxicities
(Schmiegelow, 2009). So far, there is no proven useful approach to
predict the individual risk of acute renal failure from the
perspective of genetic variation. However, the implementation
of standardized hydration and urinary alkalinization and TDM
during HDMTX therapy contributes a lot to prevent renal toxicity
and maintain MTX elimination.

CONCLUSION

In conclusion, the available evidence confirms the associations
between the genes MTHFR and ABCB1 and the increased risk of

HDMTX toxicity. And a tendency of the genes RFC1 and TYMS
toward the decreased toxicity is suggestive in this systematic
review. However, current evidence does not support the presence
of the associations of the gene SLCO1B1.Current studies are often
underpowered and unfit to investigate the genetic association of
prognosis outcomes. We conclude that genotyping of MTHFR
and/or ABCB1 polymorphisms prior to treatment, MTHFR
677C>T particularly, is likely to be potentially useful with the
aim of tailoring HDMTX therapy and thus reducing toxicity in
patients with hematological malignancies. Future larger
validation studies into genetic association of HDMTX are still
needed.
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Emerging evidences demonstrate that metabolic reprogramming is a hallmark of
malignancies, including gastric cancer (GC). Abnormal expression of metabolic rate-
limiting enzymes, as the executive medium of energy metabolism, drives the
occurrence and development of cancer. However, a comprehensive model of
metabolic rate-limiting enzymes associated with the development and progression of
GC remains unclear. In this research, we identified a rate-limiting enzyme, sterol
O-acyltransferase 1 (SOAT1), was highly expressed in cancerous tissues, which was
associated with advanced tumor stage and lymph node metastasis, leading to the poor
prognosis of GC. It was shown that knockdown of SOAT1 or pharmacological inhibition of
SOAT1 by avasimibe could suppress GC cell proliferation, cholesterol ester synthesis, and
lymphangiogenesis. However, overexpression of SOAT1 promoted these biological
processes. Mechanistically, SOAT1 regulated the expression of cholesterol metabolism
genes SREBP1 and SREBP2, which could induce lymphangiogenesis via increasing the
expression of VEGF-C. In conclusion, our results indicated that SOAT1 promotes gastric
cancer lymph node metastasis through lipid synthesis, which suggested that it may be a
promising prognostic biomarker for guiding clinical management and treatment decisions.

Keywords: rate-limiting enzymes, lipid metabolism, gastric cancer, lymphangiogenesis, lymph node metastasis

INTRODUCTION

Gastric cancer (GC) has the fifth highest morbidity and third highest mortality among malignancies
worldwide (Sung et al., 2021). Over the last decades, improved treatments have improved the
prognosis of patients with early gastric cancer. Unfortunately, GC is always diagnosed at an advanced
stage with malignant proliferation and metastasis, leading to the poor prognosis of GC patients
(Digklia and Wagner, 2016; Smyth et al., 2020). Therefore, it is urgent to explore novel therapeutic
targets and molecular mechanisms responsible for the progression of GC.

The emerging view of cancer is that metabolic reprogramming evolves as tumors progress from
precancerous lesions to locally invasive cancer to metastatic tumors (Faubert et al., 2020).
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Dysregulated metabolic activities can be exploited to diagnose,
monitor, and treat malignancies. One of the main features of
these metabolic alterations is the enhanced glycolysis and
decreased mitochondrial aerobic respiration even in the
presence of abundant oxygen (Warburg effect), which is a
driving force of cancer cell survival, growth and aggressiveness
(Vander Heiden et al., 2009; Liberti and Locasale, 2016). In
addition, numerous studies have highlighted the intricate
relationship between oncogenic signaling and lipid metabolism
reprogramming (Snaebjornsson et al., 2020). Enhanced synthesis
and uptake of lipids contribute to tumor formation and
progression, dysregulation of Sterol regulatory element-binding
proteins (SREBPs) plays a central role in these processes (Cheng
et al., 2015). Collectively, a comprehensive understanding of the
molecular mechanisms of metabolic reprogramming is essential
for developing more prognostic biomarkers and therapeutic
strategies.

Metabolic rate-limiting enzymes are the executive agents of
energy metabolism, and abnormal changes in metabolic
enzymes drive the progression of tumors. Recently, several
metabolic rate-limiting enzymes in glycolysis, glutamine
metabolism and fatty acid oxidation (FAO) have been
identified as biomarkers and drug targets (Tong et al., 2009;
Roberts and Miyamoto, 2015; Menendez and Lupu, 2017). In
these processes, a critical regulatory role is played by Sterol
O-acyltransferase 1 (SOAT1), one of rate-limiting enzymes of
the mevalonate pathway, main function is converting excess
cholesterol into cholesterol esters and stored in cytosolic lipid
droplets (Cheng et al., 2018). Recent studies showed that
SOAT1 is highly upregulated in malignancies and correlates
inversely with patient prognosis (Geng et al., 2016; Jiang et al.,
2019; Xu et al., 2020). In addition, numerous inhibitors
targeting rate-limiting enzymes are in preclinical and
clinical studies for different human cancers have been
found to simultaneously suppress tumor growth and
metastasis (Vander Heiden and DeBerardinis, 2017).
However, the abnormal alterations and biological functions
of rate-limiting enzymes in GC are unintelligible. Therefore,
systematic identification of enzymes from metabolic rate-
limiting enzyme databases may provide more potential
novel anticancer treatments for GC.

In this study, we identified SOAT1 as a critical biomarker of
gastric cancer, it was markedly upregulated in gastric cancer
tissues, which was significantly associated with the
clinicopathological characteristics and prognosis of gastric
cancer patients. SOAT1 overexpression enhanced the ability
of proliferation, migration and invasion of GC cells.
Furthermore, SOAT1 induced SREBP1 and SREBP2
expression participated in the pro-lymphangiogenic process
via promoting VEGFC expression and ultimately contributed
to gastric cancer lymphangiogenesis. Importantly,
pharmacological inhibition of SOAT1 by avasimibe
suppressed these processes in a dose-dependent manner.
Overall, our study identified the biological roles of SOAT1
in GC and uncovered that SOAT1 may be a novel biomarker
and therapeutic target for GC lymph mode metastasis.

RESULTS

Identification of SOAT1 as a Biomarker in
GC Based on Database Analysis
To investigate changes in metabolic rate-limiting enzymes in GC,
we systematically screened the transcriptome profiles of 111 rate-
limiting enzymes between tumor and adjacent normal tissues
from a database reported previously (Wang et al., 2019). All these
genes were listed in the Supplementary Table S1. A total of 29
differentially expressed transcripts were identified (p < 0.05): 21
upregulated and 8 downregulated transcripts (Figure 1A). We
then utilized Cox regression analysis with the LASSO algorithm
to determine the effects of these transcripts on clinical prognosis,
and five genes (SOAT1, GNE, UCK2, DCK, and GAD1) were
selected according to the minimum criteria and the regression
coefficients (Figure 1B). Based on the expression levels of the five
genes, the following formula was derived to calculate the risk
score for predicting the prognosis of each patient: Risk score �
(0.0360 × expression value of SOAT1) + (−0.0006 × expression
value of GNE) + (−0.0052 × expression value of UCK2) +
(−0.0087 × expression value of DCK) + (−0.0700 × expression
value of GAD1) (Figure 1C). By the risk score formula, the
patients were divided into the low-risk (n � 152) and high-risk
(n � 151) subgroups based on the mean risk score. The expression
level of SOAT1 was higher in the high-risk group, while the
expression levels of the other four genes were higher in the low-
risk group. In addition, the high-risk group patients often had amore
advanced TNM stage (p � 0.021), higher tumor grade (p � 0.016),
and higher incidence of lymph node metastasis (LNM) (p � 0.025)
(Figure 1D). Moreover, the patients in the high-risk group had
shorter overall survival (OS) time than those in the low-risk group
(Figure 1E). Among the five genes, high expression level of SOAT1
was significantly correlated with poor prognosis in GC patients, and
the expression of the other four genes was not associated with the
survival of GC patients (Figure 1F; Supplementary Figures
S1A–D). Furthermore, Kaplan-Meier plotter data also confirmed
that high level of SOAT1 was associated with poor survival in
patients with gastric adenocarcinoma patients (Supplementary
Figure S1E). Moreover, the expression level of SOAT1 was
significantly associated with clinicopathological features, such as
TNM stage (p < 0.001) and LNM (p < 0.001) (Figures 1G,H).
However, SOAT1 expression had no statistically significant
association with tumor grade, invasion depth or distant
metastasis status (Supplementary Figures S1F–H). Taken
together, these results revealed that the expression of SOAT1 was
upregulated in GC and it might be an independent prognostic risk
factor in GC patients.

SOAT1 Is Overexpressed and Associated
With Poor Prognosis in GC Patients
To further confirm the expression of SOAT1 in GC, we first
examined the SOAT1 expression levels in 34 GC cancerous
tissues and paired adjacent noncancerous tissues. We found
that the mRNA levels of SOAT1 were significantly higher in
cancerous tissues (Figure 2A) and the protein levels of SOAT1
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were significantly higher in 9/10 (90%) cancerous tissues than the
corresponding noncancerous tissues (Figure 2B). We then
utilized an independent validation cohort to further investigate
SOAT1 expression and its relationship with clinical outcome
using immunohistochemistry (IHC) staining in a GC tissue
microarray (TMA). Similarly, these results showed that the
expression of SOAT1 was significantly increased in cancerous
tissues compared with the matched normal tissues (n � 160, p <
0.01; Figures 2C,D, Supplementary Figure S2B). Furthermore,
the protein expression of SOAT1 in the GC cohort was
significantly correlated with LNM status (p � 0.001), TNM
stage (p � 0.029) and differentiation degree (p � 0.006);
however, SOAT1 expression had no statistically significant

correlation with depth of invasion (p � 0.195), distant
metastasis (p � 0.328), tumor diameter (p � 0.697) or
histological type (p � 0.366) (Supplementary Table S2).
Moreover, SOAT1 protein expression was greatly increased in
advanced-stage and LNM-positive patients (Figures 2E,F).
Kaplan-Meier survival analysis showed that GC patients with
high level of SOAT1 had worse OS (p � 6.558e-04) (Figure 2G).
Simultaneously, univariate Cox regression analysis revealed that
TNM stage (HR � 5.817, 95% CI: 3.114–10.836), depth of
invasion (HR � 2.499, 95% CI: 1.808–3.454), LNM (HR �
2.832, 95% CI: 2.189–3.665) and SOAT1 (HR � 2.437, 95%
CI: 1.567–3.791) were significantly associated with the survival
in patients with GC (Supplemental Figure S2A). Furthermore,

FIGURE 1 | Identification of SOAT1 as a biomarker in GC from 111 rate-limiting enzymes based on TCGA database. (A) Heatmap of differentially expressed rate-
limiting enzymes between GC tumor (n � 375) and normal tissues (n � 32) in TCGA. (B) The coefficients were calculated by multivariate Cox regression using the LASSO
method. (C) Coefficients of the five selected genes. (D) The expression levels of the five selected genes in high- and low-risk GC patients. (E) Kaplan–Meier overall
survival (OS) curve for GC patients assigned to the high- and low-risk groups. (F) Kaplan–Meier OS curve of GC patients stratified by SOAT1 expression. (G,H)
Correlation of SOAT1 expression with TNM stage (G) and LNM (H) in GC tissues based on TCGA data.
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by using multivariate Cox regression analysis, we found that
SOAT1 was one of the independent predictors of the prognosis of
GC patients HR � 1.802 (1.116–2.911) (Figure 2H). To further
evaluate the predictive ability of the SOAT1 expression level, we
conducted receiver operating characteristic curve (ROC) analysis,
and the area under the curve (AUC) of SOAT1 and LNM were
0.778 and 0.797, respectively (Figure 2I). Collectively, these data
revealed that SOAT1 expression level was significantly increased
in GC tissues and that SOAT1 might be an independent
prognostic risk factor for GC.

SOAT1 Promotes GC Cells Proliferation,
Migration and Invasion
To elucidate the function of SOAT1 in GC cells, we first investigated
SOAT1 expression in GC cell lines and normal gastric mucosal cells
(GES-1) by western blot, and it was shown that its expression was

higher in most of GC cells than GES-1 cells (Figure 3A).
Subsequently, we established stable SOAT1-overexpressing GC
cells in AGS cells with relative low expression of SOAT1 (AGS-
SOAT1) (Figure 3B). As shown in Figure 3C, overexpression of
SOAT1 significantly increased the colony formation efficiency of
AGS cells. We also knocked down SOAT1 by two specific siRNAs in
MGC-803 and BGC-823 cells and confirmed that both the mRNA
and protein levels of SOAT1 were markedly reduced after
transfection for 72 h (Figures 3D,E; Supplementary Figures
S3A–B). As expected, knockdown of SOAT1 obviously decreased
the colony formation efficiency (Figure 3F; Supplementary Figure
S3C). All these results confirmed that SOAT1 promoted the
proliferative ability of GC cells.

In addition, transwell analysis was performed to determine the
role of SOAT1 in GC cell migration and invasion. The results
showed that over expression of SOAT1 promoted the migration
and invasion of AGS cells (Figure 3G). Conversely, knockdown

FIGURE 2 | SOAT1 expression is elevated in GC and correlates with poor prognosis in GC patients. (A) The relative RNA expression level of SOAT1 in GC and
corresponding noncancerous tissues was measured by qRT-PCR (n � 34). (B) The protein level of SOAT1 was measured by western blot assay in GC tissues and the
corresponding noncancerous tissues (n � 10). (C) Representative IHC images of the TMA probed with the anti-SOAT1 antibody (scale bars � 200 and 50 μm,
respectively) were shown. (D) The distribution of the differences in the immunoreactivity score (IRS) for SOAT1 staining was available for 160 pairs of GC tissues and
the corresponding noncancerous tissues (ΔIRS � IRST-IRSN). (E,F)Correlation of SOAT1 expression with TNM stage (E) and LNM (F) in GC tissues based on TMA data.
(G) Kaplan-Meier OS analysis of GC patients stratified by the relative SOAT1 expression level. (H) Multivariate analyses were performed with the above-mentioned GC
patients, and all bars correspond to 95% confidence intervals (CIs) and hazard ratios (HRs). (I) Receiver operating characteristic (ROC) analysis of the risk factors in the
above-mentioned GC patients.
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of SOAT1 in MGC-803 and BGC-823 cells exerted the opposite
effects (Figure 3H; Supplementary Figure S3D). Collectively,
these data indicate the critical role of SOAT1 in promoting GC
cell proliferation, migration and invasion.

Inhibitory Effects of Avasimibe on the
Proliferation and Metastasis of GC Cells
Avasimibe, a potent small molecule inhibitor of SOAT1
(Figure 4A), has been proven to exert anticancer effects
against many tumors, including glioblastoma (GBM),

hepatocellular carcinoma (HCC) and prostate cancer (PCa)
(Tardif et al., 2004; Bemlih et al., 2010; Jiang et al., 2019; Liu
et al., 2021). Herein, we investigated whether avasimibe has
an inhibitory effect on GC cells. As shown by the cell viability
curve, avasimibe inhibited the proliferation of GC cell lines in
a dose-dependent manner. The IC50 values of avasimibe in
MGC-803 and BGC-823 cells at 24 h were 13.489 and
25.377 μM, respectively. In addition, the respective IC50
values at 48 h were 8.811 and 14.208 μM (Figures 4B,C;
Supplementary Figures S4A,B). Consistent with the CCK-
8 assay results, avasimibe also decreased the colony-forming

FIGURE 3 | SOAT1 promotesGC cell proliferation,migration and invasion. (A)Theprotein level of SOAT1 inGES-1 cells andGCcell lineswere analyzedbywestern blot. (B)
The overexpression efficiencies were verified at the protein level in AGS by western blot. (C) Representative images of colony formation assay in AGS after overexpression of
SOAT1 (left panel), the right panel shows the quantitative results. (D,E) The knockdown efficiency was verified at the mRNA and protein levels by qRT-PCR (D) and western blot
assay (E), respectively. (F)Representative images of colony formation assay inMGC-803 after knockdown of SOAT1 (left panel), and the quantitative data were shown (right
panel). (G) Transwell assays in SOAT1 overexpression AGS cells. Representative images of migrated and invaded GC cells in each group were shown in the upper panel, and
quantitative results were shown in the lower panel. (H) Transwell assay in MGC-803 cells after knockdown of SOAT1. Representative images of migrated and invaded GC cells in
each group were shown in the left panel, and the quantitative results were shown in the right panel. Scale bars: 100 µm.
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capacity of GC cells in a dose-dependent manner
(Figure 4D).

Next, we explored the effects of avasimibe treatment on the cell
metastasis ability in GC cell lines. The wound healing assay
showed that avasimibe significantly reduced the migration
capability of BGC-823 cells (Supplementary Figure S4C). In
addition, we performed a transwell assay, which showed
significant dose-dependent decreases in the numbers of
migrated and invaded MGC-803 and BGC-823 cells after
treatment with avasimibe (Figure 4E; Supplementary Figure
S4D). Collectively, these results indicated the critical inhibitory
effect of avasimibe on GC cell proliferation and metastasis.

SOAT1 Accelerates Lipid Metabolism in GC
Cells
It has been reported that SOAT1 can convert excess free
cholesterol into cholesteryl esters for storage in lipid droplets

(Xu et al., 2020). We first detected the level of cholesterol in GC
cells, and the results showed that esterified cholesterol was
significantly reduced in SOAT1 knocked-down GC cells or
avasimibe treatment (Figures 5A,B). In addition, we evaluated
whether the inhibition of SOAT1 affected the formation of lipid
droplets by Nile red and oil red O staining. The results showed
that knocking down SOAT1 could significantly reduce the
number of lipid droplets in GC cells (Figure 5C,
Supplementary Figures S5A,B), and avasimibe treatment had
a similar effect (Figures 5D–G).

To further confirm that SOAT1 regulates lipid biosynthesis
and catabolism, we examined the expression levels of a panel of
lipid metabolism-related genes in SOAT1-knockdown and
avasimibe-treated GC cells. Intriguingly, both SOAT1
knockdown and avasimibe treatment reduced the expression
of cholesterol metabolism genes (HMGCR, SREBP1, and
SREBP2) and fatty acid biosynthesis genes (FASN, ACC, and
SCD1) (Figures 5H,I; Supplementary Figures S5C,D). In

FIGURE 4 | Avasimibe inhibits GC cell growth andmetastasis. (A)Molecular structure of avasimibe. (B,C)Relative cell viability was measured by CCK-8 assay after
avasimibe treatment for 24 h at multiply concentrations (0, 1, 2, 5, 10, 20, 40, and 100 μM). (D)Representative images of colony formation assay in BGC-823 and MGC-
803 cells after avasimibe treatment (upper panel); the quantitative results were shown (lower panel). (E) Transwell assay in MGC-803 cells after avasimibe treatment.
Representative images of migrated and invaded GC cells in each group were shown in the left panel, and the quantitative results were shown in the right panel.
Scale bars: 100 µm.
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FIGURE 5 | Inhibition of SOAT1 decreases the level of lipid synthesis in GC cells. (A,B)Cholesterol ester assays for BGC-823 cells after knockdown of SOAT1 (A) or
avasimibe treatment (B). (C) Representative images of Nile red stanning assay in BGC-823 cells after knockdown of SOAT1. Scale bars: 100 µm. (D, E) Representative
images of Nile red stanning assay in BGC-823 (D) and MGC-803 (E) cells after avasimibe treatment. Scale bars: 100 µm. (F) Representative images of Oil red O staining
in BGC-823 and MGC-803 cells after avasimibe treatment. (G) Quantitative data for lipid synthesis were shown. Scale bars: 100 and 50 μm, respectively. (H,I)
Heatmap generated from the qRT-PCR results showed the gene expression levels of cholesterol metabolism and fatty acid biosynthesis-related genes in BGC-823 cells
after knockdown of SOAT1 (H) or avasimibe treatment (I). (J,K) FASN, SREBP1, and SREBP2 protein expression were measured by western blot assay after
knockdown of SOAT1 (J) or avasimibe treatment (K).
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FIGURE 6 | SOAT1 promotes lymphangiogenesis and lymph node metastasis in GC. (A–C) The correlation of SOAT1 expression with VEGFC, VEGFR3, and
LYVE-1 were analyzed via online bioinformatics tool (http://gepia.cancer-pku.cn/). (D,E) Representative images (left panel) and quantitative analysis (right panel) of tube
formation and transwell migration assays of HLECs cultured with conditioned medium collected from SOAT1-knockdown (D) or avasimibe-treated (E) BGC-823 cells.
Scale bars: 100 µm (F,G) ELISA assay of VEGFC expression in conditioned medium collected from the SOAT1 knockdown or avasimibe treated BGC-823 cells.
(H) VEGFC expression at the protein level in BGC-823 and MGC-803 cells were measured by western blot assay after knockdown of SOAT1 or avasimibe treatment. (I)
Representative images (left panel) and quantitative analysis (right panel) of SOAT1 IHC staining in paraffin-embedded paired normal tissues, sections of tumors with or
without LNM from patients with GC. Scale bars: 200 µm and 50 μm, respectively. (J) Representative images (left panel) and quantitative analysis (right panel) of SOAT1
IHC staining in high or low levels of LYVE-1-positive microvessels in the GC tissues. Scale bars: 200 µm and 50 μm, respectively.
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addition, the expression of SREBP1, SREBP2, and FASN were
strikingly reduced at the protein level (Figures 5J–K). Taken
together, these results suggested that dysregulated SOAT1
accelerates the esterification of cholesterol and the synthesis of
lipids in GC cells.

SOAT1 Is Related to Lymph Node
Metastasis in GC Patients and Promotes
Lymphangiogenesis
It has been demonstrated that lipids are required as energy
sources and cellular signaling molecules, which are crucial for
cancer lymphangiogenesis and lymph node metastasis (Ma Y.
et al., 2018; Lee et al., 2019). In addition, the bioinformatic
analysis using TCGA and our TMA data suggested that the
expression level of SOAT1 was significantly higher in LNM-
positive GC tissues (Figures 1H, 2F). Thus, we speculated
whether SOAT1 could promote lymph node metastasis of GC
cells. VEGFC, VEGFR3, and LYVE-1, which play key role in
lymph node metastasis of multiple malignancies, therefore we
used online bioinformatics tools (http://gepia.cancer-pku.cn/) to
study the relationship between SOAT1 and VEGFC, VEGFR3,
and LYVE-1 expression. The results showed that the expression
level of SOAT1 was significantly positively correlated with
VEGFC, VEGFR3, and LYVE-1 (Figures 6A–C). Next, we
further examined whether SOAT1 has an effect on tumor-
induced lymphangiogenesis. As shown in Figures 6D,E and
Supplementary Figures S6A,B, HLECs treated with
conditioned medium (CM) derived from SOAT1-knockdown
or avasimibe treatment GC cells significantly reduced the
lymphatic capillary formation and the migratory capability of
HLECs compared with CM derived from the corresponding
vector cells. In addition, compared with CM from the control
group, CM from SOAT1-overexpressing GC cells significantly
promoted these biological processes (Supplementary Figure
S6C). As expected, qRT-PCR data showed that the mRNA
levels of VEGFC and VEGFD were significantly decreased in
both SOAT1-knockdown and avasimibe-treated GC cells
(Supplementary Figures S6D–G). Furthermore, we evaluated
the secretion level of VEGFC using ELISA, and found that the
VEGFC protein levels were significantly decreased in conditioned
medium collected from GC cells which knockdown of SOAT1 or
treated with avasimibe compared to conditioned medium from
the corresponding control cells (Figures 6F,G; Supplementary
Figures S6H,I). In addition, the expression of VEGFC were also
decreased at the protein levels (Figure 6H). Intriguingly, the IHC
staining results showed that the expression of SOAT1 was
scarcely detected in adjacent noncancerous tissues, slightly
increased in LNM-negative GC tissues and strongly
upregulated in LNM-positive GC tissues, and positively
correlated with the density of microlymphatic vessels, as
indicated by the number of LYVE-1-positive microvessels
(Figures 6I,J). Taken together, these findings indicated that
inhibition of SOAT1 suppresses lymphangiogenesis and that
avasimibe has the potential therapeutic effect for GC patients
with lymph node metastasis.

SOAT1 Accelerates the Lymphangiogenesis
by Activating SREBP1 and SREBP2
SREBP1 and SREBP2 are both important signaling molecules that
relate to tumor lymph node metastasis (Heo et al., 2020; Li et al.,
2020). To investigate whether SREBP1 and SREBP2 involved in
SOAT1-mediated lymphangiogenesis and VEGFC production,
we pharmacologically inhibited SREBP1 and SREBP2 by
fatostatin, which displays antitumor activity in cancers by
downregulating SREBP- mediated metabolic pathways (Li
et al., 2014). As shown by the cell viability curve, fatostatin
inhibited the proliferation of AGS cells in a dose-dependent
manner and the IC50 value is 30.822 µM (Figure 7A).
Intriguingly, the results showed that fatostatin could
significantly reversed the promoting effects of SOAT1
overexpression on the migration and the lymphatic tube
formation of GC cells (Figures 7B–D). In addition, ELISA
and qRT-PCR results suggested that the expression of VEGFC
were recovered after treated with fatostatin (Figures 7E,F).
Collectively, these results indicating that blocking SREBP1 and
SREBP2 pathway inhibits SOAT1-mediated lymphangiogenesis
in gastric cancer.

DISCUSSION

Recently, accumulating investigations have confirmed that
metabolic reprogramming plays a significant role in malignant
processes in various cancers (Li et al., 2019). Rate-limiting
enzymes play a vital role in malignant processes, and cancer
cells tend to have a robust metabolism and increase their energy
consumption by changing these rate-limiting enzymes (Faubert
et al., 2020; Xu et al., 2020). For instance, Hexokinase 2 (HK-2),
the rate-limiting enzyme in glycolysis, decreases mTORC1
activity and regulates autophagy through direct
phosphorylation of ULK1 (Roberts et al., 2014; Roberts and
Miyamoto, 2015). Renal glutaminase (GLS1) provides the
antioxidants glutathione (GSH) and nicotinamide adenine
dinucleotide phosphate (NADPH) for tumor cell metabolism,
and promotes tumor cell growth by reducing reactive oxygen
species (ROS) (Tong et al., 2009). High HMGCR activation
decreases the growth-inhibitory effect of atorvastatin on TGF-
β-treated epithelial cancer cells (Warita et al., 2021). We
systematically screened the expression of 111 rate-limiting
enzymes in TCGA database, and identified SOAT1 expression
level is significantly increased in cancer tissues and closely
associated with the poor outcome of GC patients.
Subsequently, our TMA data also confirmed that SOAT1
expression is associated with the clinicopathological
characteristic and prognosis in patients. More importantly,
SOAT1 expression level have a powerful predictive ability of
clinical risk scores. Thus, SOAT1 could be used as an effective
potential predictive biomarker and therapeutic target for GC.

SOAT1, localized in the endoplasmic reticulum, catalyzes the
formation of cholesterol esters (Chang et al., 2006; Chang et al.,
2009). SOAT1 is frequently upregulated in multiple cancers,
including GBM, HCC and PCa (Geng et al., 2016; Gu et al.,

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7696479

Zhu et al. Rate Limiting Enzymes in GC

64

http://gepia.cancer-pku.cn/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


2020; Liu et al., 2021). Previous research demonstrated that
SOAT1 promotes lipid metabolism and tumor growth (Jiang
et al., 2019; Gu et al., 2020). In addition, Oni et al. (2020) reported
that SOAT1 promotes organoid growth and tumor metastasis in
pancreatic carcinoma mouse model by activating the mevalonate
pathway and disrupting the negative feedback of cholesterol.
However, the biological function of SOAT1 and its regulatory
mechanisms in GC remain elusive. Our experiment data
demonstrated that SOAT1 overexpression elevated GC cell
proliferation, migration and invasion ability, highlighting the
role of SOAT1 in GC progression. We also showed that
inhibition of SOAT1 decreases the synthesis of cholesterol
eater and the formation of lipid droplets. Mechanically, we
also confirmed that inhibition of SOAT1 downregulating these
genes related to numerous aspects of cholesterol metabolism and
fatty acid biosynthesis.

Notably, numerous studies have demonstrated that cancer
cells undergo metabolic changes during the progression of lymph
node metastasis, dysregulated lipid metabolism plays an
indispensable role in this process. The metabolism of
cholesterol, bile acid and fatty acid are critical in the
proliferation and differentiation of lymphatic endothelial cells
(Wong et al., 2017). In addition, lymph node metastasis requires
that tumor cells undergo a metabolic transition toward fatty acid
oxidation (Wong et al., 2017; Lee et al., 2019). SOAT1 catalyzes
the conversion of excess cholesterol into cholesterol esters for

storage in lipid droplets, and high expression of SOAT1 in tumors
may disrupt the balance between free cholesterol and cholesterol
esters (Oelkers et al., 1998; Li et al., 2006). Our statistical analysis
revealed that the expression level of SOAT1 was higher in LN-
metastatic tumors and was positively correlated with the
expression level of VEGFC, VEGFR3 and LYVE-1, which are
lymphangiogenic growth factors (Ji et al., 2014; Stacker et al.,
2014; Ma C. et al., 2018). We also found that inhibition of SOAT1
effectively reduced tumor-associated lymphangiogenesis and the
migratory ability of HLECs. Additionally, the expression of
VEGFC was dramatically decreased in GC cells after
knockdown of SOAT1. Intriguingly, the promoting effect of
SOAT1 on lymphangiogenesis was restored by fatostatin.
Taken together, these data demonstrate that SOAT1 inhibition
leads to suppression of lipid synthesis and GC lymph node
metastasis by SREBP1 and SREBP2 pathway.

Rate-limiting enzymes are considered as rational targets for
antitumor drug development, and inhibitors of these enzymes
have applicated in the clinical trial as promising methods for
malignancies, such as statins, perhexiline and trimetazidine
(Tong et al., 2009; Ma Y. et al., 2018). Recently, several
SOAT1 inhibitors have been discovered, including K-604,
nevanimibe, and avasimibe. K-604 has been confirmed an
inhibitory effect in glioblastoma cells by downregulated the
activation of Akt and extracellular signal-regulated kinase
(Ohmoto et al., 2015). Nevanimibe shows the significant

FIGURE 7 | SOAT1 accelerates GC lymphangiogenesis by upregulating the activity of SREBP1 and SREBP2. (A) Relative cell viability was measured by CCK-8
assay after fatostatin treatment for 24 h at multiply concentrations (0, 2.5, 5, 10, 20, 40, 100, and 200 µM). (B–D) Representative images (A) and quantification results
(C,D) of the tube formation and transwell migration assays of HLECs cultured with conditioned medium collected from SOAT1-overexpressing AGS cells treated with
fatostatin or the corresponding controls. (E) The expression level of VEGFCwasmeasured by qRT-PCR in SOAT1-overexpressing AGS cells treated with fatostatin
or their corresponding controls. (F) ELISA assay of VEGFC expression in conditioned medium collected from the SOAT1-overexpressing AGS cells treated with
fatostatin or their corresponding controls.
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suppresses effect in metastatic adrenocortical carcinoma (ACC)
(Smith et al., 2020). Among these agents, avasimibe is a notable
anticancer drug that significantly reduces cholesteryl ester storage
by inhibits vesicular transport, integrin and TGF-β pathways
(Jiang et al., 2019). In the current study, we first found that
avasimibe notably suppressed the proliferation, migration and
invasion of GC cells in a dose-dependent manner. Subsequently,
avasimibe induce a decrease in cholesterol ester synthesis and
lipid droplet formation in GC cells. Importantly, our data
indicated that HLECs tube formation and migration ability
were significantly inhibited by avasimibe. Our further
investigation showed that avasimibe significantly decreased the
expression and secretion of VEGFC in gastric cancer cells. These
results provide that avasimibe may serve as a potential chemical
inhibitor for the treatment of lymph node metastasis of gastric
cancer.

In summary, our results reveal for the first time the role for
SOAT1 as a biomarker for GC development and lymph node
metastasis, and the antitumor effect of avasimibe on GC cells.
These findings suggest that SOAT1 may be a potential
predictor and therapeutic approach for the development of
gastric cancer.

MATERIALS AND METHODS

Cell Culture
Human GC cell lines AGS cells were purchased from the
American Type Culture Collection (ATCC). HLECs, HEK-
293T, BGC-823, HGC-27, MGC-803, SGC-7901, MKN-74,
and MKN-45 were obtained from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China). HEK-
293T cells were cultured in DMEM (Biological Industries,
Cromwell, CT, United States), AGS cells were cultured in
F12K medium (Biological Industries, Cromwell, CT,
United States), and the other cells were cultured in RPMI-
1640 medium (Biological Industries, Cromwell, CT,
United States). All cells were cultured with 10% fetal bovine
serum (FBS; Biological Industries, Cromwell, CT, United States),
100 U/ml penicillin (Invitrogen), 100 μg/ml streptomycin
(Invitrogen) and incubated in 5% CO2 at 37°C.

Patients and Specimens
A total of 34 pathologically confirmed GC tissues and the
corresponding adjacent noncancerous fresh frozen tissues were
collected from patients treated with radical gastrectomy at the
Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing
University Medical School (Nanjing, Jiangsu, China). All patients
provided written informed consent, and all these tissues were
obtained for further qRT-PCR, western blot and
immunohistochemistry assay.

Immunohistochemistry
A total of 160 pathologically confirmed GC patient tissues from
Nanjing Drum Tower Hospital were obtained for TMA
construction, and the expression of SOAT1 was detected by
IHC staining. The chips were stained and scanned by

Servicebio (Wuhan, Hubei, China) according to a standard
protocol. Stanning of SOAT1 was scored by the two
pathologists blind to the clinical data by applying a semi-
quantitative immunoreactivity score (IRS), IRS of 0–6 and IRS
of 8–12 were classified as low and high expression of SOAT1,
respectively.

SiRNAs and Plasmids
SOAT1 si-RNAs were designed and synthesized by RiboBio
(Guangzhou, China), and the sequence was showed as follows:
si-SOAT1#1: 5′-TAATGGTCGAATTGACATAA-3′; si-
SOAT1#2: 5′-TTGAACTCAAGTACCAGCCTTC-3′. The
vector expressing SOAT1 (pcDNA3.1-SOAT1) as well as the
blank pcDNA3.1-vector were purchased from Hanbio Bio-
technology Company (Shanghai, China). SiRNA and plasmid
were transfected with DharmaFECT4 (GE Healthcare) and
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States).
Virus-containing supernatant was collected 48 h after
transfection and was added to cell when confluence reached
70%, 48 h later, transduced cells were selected with 1 μg/ml
puromycin.

RNA Extraction and qRT-PCR Assay
Total RNAs were extracted from human GC tissues and associated
non-cancerous tissues using TRIzol reagent (Invitrogen, Carlsbad,
CA, United States) according to themanufacturer’s instructions. The
reverse transcription reaction (RT) was performed with Reverse
Transcription kit (Vazyme, Nanjing, China). The RT-PCR reactions
were performed with a SYBR Green PCR Kit (Vazyme, Nanjing,
China), measured in triplicate and performed on an Applied
Biosystems 7900HT sequence detection system (Applied
Biosystems). GAPDH was used as an internal control for mRNA.
The relative expression levels of the target genes were calculated
using the comparative 2−ΔΔCt method. All primers used in this
study were listed in Supplementary Table S3. All results were
obtained from three independent experiments performed in
duplicate.

Western Blot Assay
The Western blot protocol was performed as previously
described(Wang et al., 2020). The antibodies used were listed as
follows: anti-SOAT1 (Immunoway, YN1370); anti-SOAT1 (Abcam,
ab39327); anti-VEGFC (Proteintech, 14517-1-AP); anti-FASN
(Proteintech, 10624-2-AP); anti-SREBP1 (Proteintech, 66875-1-
AP); anti-SREBP2 (Proteintech, 28212-1-AP); and anti-GAPDH
(Proteintech, 60004-1-Ig). Phenylmethylsulfonyl fluoride was
purchased from Selleck (Houston, TX, United States).

Proliferation Assay
The antiproliferative effect of avasimibe and fatostatin
(MedChemExpress, Shanghai, China) was evaluated with a Cell
Counting Kit-8 kit (CCK-8, Vazyme, Nanjing, China). One day
before avasimibe treatment, GC cells were seeded in 96-well plates
(5,000 cells/well). The cells were treated with avasimibe for 24 h or
48 h. After the indicated time, 10 µL per well of CCK-8 solution was
added and incubated at 37°C for 1 h. Absorbance was recorded at
450 nm, and five independent assays were carried out.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 76964711

Zhu et al. Rate Limiting Enzymes in GC

66

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


For the plate colony formation assay, GC cells were seeded in
6-well plates or 12-well plates (1,000 cells/well in 6-well plates and
500 cells/well in 12-well plates) and incubated for 10–14 days.
The medium with or without avasimibe was changed every other
day. Then, the cells were fixed with 4% paraformaldehyde for
15 min and stained with crystal violet for 1 h. Images were
acquired with a digital camera, and three independent assays
were carried out.

Oil Red O Staining and Nile Red Staining
GC cells were seeded in 12-well plates, following by 0.2 µM oil
acid (OA) (Sigma, United States) for 24 h. Then the cells were
fixed with 4% paraformaldehyde solution. For Oil red O staining,
cells were incubated with 60% isopropanol for 15 min before
stanning by Oil red O working solution. The Oil red O working
solution was prepared by diluting the Oil red O stock solution
with distilled water at a ratio of 3:2, followed by filtration. For Nile
red staining, cells were sequentially stained with 0.05 μg/ml Nile
red (Sigma, United States), washed with PBS twice and then
stained with DAPI (Beyotime, Shanghai, China). Images of the
cells were acquired by fluorescence microscopy. All the
operations were performed in a dark environment.

HLECs Tube Formation and Transwell
Assays
HLECs were seeded in 96-well plates (2 × 104/well, precoated with
50 µL of Matrigel, Corning Life Sciences, Bedford, MA,
United States), containing medium obtained from tumor cells
and cultured for 12 h. Images of lymphatic tubes were acquired
using a fluorescence microscope and quantified by measuring the
number and area of the completed tubule structures.

Cell migration and invasion abilities were evaluated by
transwell chambers (Corning Life Sciences, Bedford, MA,
United States). Briefly, a total of 5 × 104 GC cells suspended
in media without FBS were seeded in the upper chambers coated
with or without 50 μL of Matrigel (BD Biosciences). Then, 600 μL
of culture medium containing 10% FBS was added to the lower
chambers. After incubation at 37°C for 12 h, the cells in the lower
chambers were fixed with 4% paraformaldehyde for 30 min,
stained with crystal violet (Beyotime, Shanghai, China) for
30 min. Finally, three random fields were microscopically
examined, and the number of cells was determined by
photoshop software.

Wound Healing Assay
GC cells were seeded into six-well plates and grown to 90%
confluence. The cell layer was scrapping with a 10-μL sterile
pipette tip and washed with three times with PBS to remove the
floating and detached cells, then cultured in 1% FBS medium and
images were acquired under a microscope at multiple time points
(0, 6, 12, and 24 h).

Enzyme-Linked Immunosorbent Assay
The cell culture supernatant was collected, secreted VEGFC was
quantified using the Human VEGFC Quantikine ELISA Kit (Cat.
No. E-EL-H1600c, elabacience) according to the manufacturer’s

instructions. Briefly, GC cells seeded in 6-well culture plates were
cultured in the growth medium until 90% confluence. The cells
were washed three times with phosphate-buffered saline (PBS)
and cultured in serum-free medium for 24 h. The cell culture
supernatant or VEGFC standards were added to the 96-well
plates coated with polyclonal antibody specific for human
VEGFC in triplicate and incubated for 1.5 h at 37°C. Then, the
Biotinylated detection Ab working fluid was added to each well
and incubated for 1 h at 37°C. Afterwards, the well was washed
five times, HRP conjugate working solution was added and
incubated for 30 min at 37°C. Then, substrate solution was
added to each well, and incubated for 30 min at 37°C in the
dark. Then, the stop solution was added to each well. Absorbance
was determined at 450 nm. All assays were performed in
triplicate.

Cholesterol Assay
Cells were collected by centrifugation for 10 min (4°C,
1,000×g) and resuspended in 200 μL extracting solution,
then ultrasonic crushing in an ice bath was performed for
30 s. Supernatants were combined and centrifuged for 20 min
at 10,000 × g (4°C) and placed on ice for measurement. Total
cholesterol and unesterified cholesterol were quantitated using
the manufacturer’s protocol of a Total Cholesterol and
Cholesterol ester Fluorescence Determination Kit (Cat. No.
E-BC-F032, elabacience). Amount of cholesterol ester were
determined by subtracting the amount of unesterified
cholesterol from total cholesterol.

Statistical Analysis
A total of 111 human rate-limiting metabolic enzymes were
obtained from the rate-limiting enzyme database according to
a previous study (Wang et al., 2019). The RNA expression data
and clinical information of GC patients were obtained from
TCGA (https://tcga-data.nci.nih.gov/tcga/). Differentially
expressed genes were screened with the R package “limma.”
The expression level of prognostic associated rate-limiting
metabolic enzymes between cancerous and normal samples
was displayed via package “heatmap” and “ggplot,”
respectively. Univariate Cox regression analysis was performed
to identify prognostic associated rate-limiting metabolic enzymes.
Package “glmnet” was used to perform LASSO Cox regression
model to select optimal weighting coefficients via penalized
maximum likelihood and build a prognostic signature. The
formula of the risk score for the prediction of GC patients’
prognosis was as follows: risk score � the sum of the
multivariate Cox regression coefficient ratio of each mRNA
multiplied by the expression level of each mRNA. For survival
analysis, overall survival was defined as the time from first
treatment to death for any cause, Kaplan-Meier method and
log-rank test were used to detect potential prognostic factors. For
clarify relationship of SOAT1, clinicopathological characteristics,
and prognosis, univariate Cox regression analysis was performed
to find out the independent factors correlated with OS. AUC was
employed to demonstrate the sensitivity and specificity of
different variables by risk estimation. The “pROC” package
was used to perform ROC curve and analyze AUC. All
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statistical tests were two sided and p < 0.05 were significant and
each experiment was carried out in at least triplicate.
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GLOSSARY

GC Gastric cancer

SOAT1 Sterol O-acyltransferase 1

LNM Lymph node metastasis

NADPH Nicotinamide adenine dinucleotide phosphate

GSH Glutathione

FAO Fatty acid oxidation

FASN Fatty acid synthase

KGA Kidney-type glutaminase

EMT Epithelial–mesenchymal transition

HLECs Human lymphatic endothelial cells

TCGA The cancer genome atlas

GNE Glucosamine

UCK2 Uridine-cytidine kinase 2

DCK Deoxycytidine kinase

GAD1 Glutamate decarboxylase 1

OS Overall survival

IHC Immunohistochemistry

TMA Tissue microarray

HR Hazard ratio

CI Confidence interval

ROC Receiver operating characteristic curve

AUC Area under the curve

GBM Glioblastoma

HCC Hepatocellular carcinoma

PCa Prostate cancer

IC50 Half-inhibitory concentration

OA Oil acid

HMGCR 3-Hydroxy-3-Methylglutaryl-CoA Reductase

SREBP1 Sterol regulatory element binding transcription factor 1

SREBP2 Sterol regulatory element binding transcription factor 2

ACC Acetyl-CoA carboxylase 1

SCD1 Stearoyl-CoA desaturase 2

VEGFC Vascular endothelial growth factor C

VEGFD Vascular endothelial growth factor D

VEGFR3 Vascular endothelial growth factor receptor 3

LYVE-1 Lymphatic vessel endothelial hyaluronan receptor 1

CM Conditioned medium

qRT-PCR Real-time quantitative reverse transcription

HK-2 Hexokinase 2

mTORC1 mammalian target of rapamycin

Ulk1 Unc-51 like autophagy activating kinase 1

GLS1 Glutaminase 1

ROS Reactive oxygen species

LECs Lymphatic endothelial cells

TGF-β Transforming growth factor beta 1.
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Breast cancer is the most common form of cancer in women and its incidence has been
increasing over the years. Human epidermal growth factor receptor 2 (HER2 or ErbB2)
overexpression is responsible for 20 to 25% of invasive breast cancers, and is associated
with poor prognosis. HER2-targeted therapy has significantly improved overall survival
rates in patients with HER2-positive breast cancer. However, despite the benefits of this
therapy, its cardiotoxicity is a major concern, especially when HER2-targeted therapy is
used in conjunction with anthracyclines. At present, the mechanism of this cardiotoxicity is
not fully understood. It is thought that HER2-targeting drugs inhibit HER2/NRG 1 dimer
formation, causing an increase in ROS in the mitochondria of cardiomyocytes and
inhibiting the PI3K/Akt and Ras/MAPK pathways, resulting in cell apoptosis.
Antioxidants, ACE inhibitors, angiotensin II receptor blockers, β-blockers, statins and
other drugs may have a cardioprotective effect when used with ErbB2-targeting drugs.
NT-proBNP can be used to monitor trastuzumab-induced cardiotoxicity during HER2-
targeted treatment and may serve as a biological marker for clinical prediction of
cardiotoxicity. Measuring NT-proBNP is non-invasive, inexpensive and reproducible,
therefore is worthy of the attention of clinicians. The aim of this review is to discuss the
potential mechanisms, clinical features, diagnostic strategies, and intervention strategies
related to cardiotoxicity of ErbB2-targeting drugs.

Keywords: cardiotoxicity, ErbB2, targeting drugs, breast cancer, therapy

1 INTRODUCTION

Breast cancer is the most common cancer among women worldwide, and its incidence has been
increasing yearly (Bray et al., 2018). Chemotherapy is one of the main treatments for breast cancer
(Piccart-Gebhart and Sotiriou, 2007). Human epidermal growth factor receptor 2 (HER2), also known as
erythroblast leukemia virus oncogene homolog 2 (ErbB2), is overexpressed in 20–25% of breast cancers.
This transmembrane receptor promotes abnormal cell growth and proliferation in human breast cancer,
leading to tumor cell invasion and poor prognosis (Slamon et al., 1987). HER2/ErbB2 are potential
targets in chemotherapy of HER2-positive (HER2+) breast cancer. The 2021ASCOGuidelines indicated
that ErbB2-targeting drugs significantly improved survival rates and more patients were included in the
range of drug (Korde et al., 2021). Unfortunately, target drugs is often discontinued once cardiotoxicity
occurs during clinical (Perez and Rodeheffer, 2004). Cardiotoxicity is mainly caused by the reversible
decrease of ejection fraction, but also severe heart failure and even fatal (Jerusalem et al., 2019).
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HER2 belongs to a family of receptor tyrosine kinases with
four members: HER1 (EGFR), HER2, HER3 and HER4. When
activated, the HER proteins homodimerize or heterodimerize and
subsequently activate intricate cellular signalling cascades,
including the PI3K/AKT and RAS/MAPK (ERK) pathways,
which regulate cell proliferation and survival, as well as the
metastasis of tumour cells (Slamon et al., 1987). ErbB2-
targeted drugs include monoclonal antibodies, antibody drug
conjugates and tyrosine kinase inhibitors (Godeau et al., 2021).
Monoclonal antibodies mainly include trastuzumab, pertuzumab
and margetuximab. Trastuzumab, a humanized monoclonal
antibody against ErbB2 domain IV was the first
immunotherapeutic agent for HER2(+) breast cancer (Jerian
and Keegan, 1999). Margetuximab is a novel anti-HER2
antibody that has a higher affinity with the Fc receptor and
stronger antibody-dependent cell-mediated antitumor
cytotoxicity (ADCC) (Kaplon and Reichert, 2021). Pertuzumab
is another humanized monoclonal antibody that binds to ErbB2
domain II and inhibits its dimerization (Capelan et al., 2013).
Trastuzumab emtansine(T-DM1) and Trastuzumab deruxtecan
(DS-2801,Enhertu) are antibo-cytotoxic drug conjugates
composed of trastuzumab with the microtubule toxin DM1
and topoisomerase I inhibitor, a potent mitotic inhibitor
(Zhao et al., 2020; Andrikopoulou et al., 2021). T-DM1 is
currently a second-line treatment for patients with metastatic
HER2(+) breast cancer (Verma et al., 2012). The Tyrosine kinase
inhibitors include lapatinib, Neratinib and Tucatinib (Chaar
et al., 2018). Lapatinib is an oral tyrosine kinase inhibitor that
reverses ErbB2 and endothelium growth factor receptor (EGFR
orErbB1) signaling (Moy et al., 2007). Neratinib is an irreversible
small molecule inhibitor of HER1, HER2 and HER4 tyrosine
kinases, approved for the extended adjuvant treatment of women
with early-stage and metastatic HER2 + breast cancer (Oh and
Bang, 2020). Tucatinib, a newly approved tyrosine kinase
inhibitor, is characterized by its high selectivity for HER2/

ErbB2 (Corti and Criscitiello, 2021). In order to better
understand the cardiotoxicity of ErbB2-targeted drugs, we
have systematically reviewed recently published papers on the
potential mechanisms, clinical manifestations, diagnostic
strategies, intervention strategies, and the latest progress in
ErbB2-targeted drug cardiotoxicity. We summarized the
potential mechanism and intervention strategies with ErbB2/
nauregulin 1 (NRG1) pathway causing cardiac dysfunction
reported to date, to provide more evidence for clinical practice
(Figure 1).

2 MECHANISM OF CARDIOTOXICITY

The ErbB receptor is a transmembrane receptor tyrosine kinase
that regulates cell physiological responses including cell growth,
division, differentiation, adhesion, function, and apoptosis
(Linggi and Carpenter., 2006). ErbB signaling in the heart is
critical for the normal development of the fetal heart (Gassmann
et al., 1995). In mutant mice with a deletion of the ErbB2 gene,
abnormal ventricular trabeculae resulted in fetal death (Lee
et al., 1995; Meyer and Birchmeier, 1995). In addition, ErbB2
plays an important role in adult cardiomyocytes growth (Zhao
et al., 1998). ErbB2 mutant mice showed decreased ErbB2
expression and impaired ventricular dilation and contraction,
and histology of the myocardium revealed ultrastructural
changes (Ozcelik et al., 2002). Trastuzumab and pertuzumab
reduced the dimerization of ErbB2/4 in rat and human
cardiomyocytes (Fedele et al., 2012a). The NRG-1/ErbB2/
ErbB4 complex controls cardiomyocyte survival and
myofibrillary disorders in cardiomyocytes (Kuramochi et al.,
2006). NRG-1 activation directly promotes cardiomyocyte
survival through the ErbB2/ERBB4 heterodimer (De
Keulenaer et al., 2010). NRG1 activates PI3-kinase/Akt and
MAPK/Erk1/2 pathways through ErbB2 phosphorylation

FIGURE 1 | Mechanism of action of ErbB2-targeted drugs.
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(Lemmens et al., 2004). Silencing or down-regulation of ErbB2
expression attenuated NRG-1-induced intracellular Akt and
ERK1/2 phosphorylation (Hsu et al., 2018).

NRG1 is a ligand of the epidermal growth factor family, which
can bind to ErbB3 or ErbB4 monomers and induce the formation
of homodimers (ErbB4/4) and heterodimers (ErbB2/3 or ErbB2/
4) (Lemmens et al., 2007). The NRG1 stimulates glucose uptake
and protein synthesis in cardiomyocytes. (Cote et al., 2005).
ErbB2 inhibition decreased expression of endothelial nitric
oxide synthase (eNOS) and increased inducible nitric oxide
synthase(iNOS), leading to produce more reactive oxygen
species (ROS) (Timolati et al., 2006). NRG1 reduces
contraction without impairing diastole by upregulating NOS
and reducing the effect of β-adrenergic stimulation (Lemmens
et al., 2004). STAT-3 is a transcription factor that is activated by
tyrosine phosphorylation in response to certain ligand, such as
interferon and epidermal growth factor (Tkach et al., 2013). It
plays a key role in cell growth and differentiation, leading to
ultrastructural changes in cardiomyocytes (Kabel and Elkhoely,
2017). ErbB2 inhibition can lead to increased Bcl-xS/Bcl-xL ratio,
activation of mitochondrial caspase-9 and caspase-3, and causing
apoptosis (Rohrbach et al., 2005). ErbB2 inhibition has also been
reported to alter Bcl-x splicing, induce endogenous apoptotic
signaling (Grazette et al., 2004; De Lorenzo et al., 2018). Besides,
Matrix metalloproteinase-2 (MMP2) mRNA is elevated in
trastuzumab cardiotoxicity, accompanied by an increase in
ROS (Riccio et al., 2018). Lapatinib can affect cardiac function
and fibrosis in mice (Fedele et al., 2012b). Lapatinib can directly

inhibit ErbB2 phosphorylation (Sawyer et al., 2002). Although
lapatinib did not affect NOS expression and basal mitochondrial
respiration, it impaired the standby oxygen consumption rate
(Hsu et al., 2018). Cardiotoxicity caused by the inhibition of
ErbB2 may be due to the adaptation of the heart to stress
reactions. There is evidence that trastuzumab, pertuzumab,
and lapatinib reduce cell viability in a concentration-
dependent manner (Fedele et al., 2012a). Furthermore, ErbB2
inhibition increased ROS production and impaired
mitochondrial function in a concentration-dependent manner
(Pentassuglia et al., 2007) (Figure 2).

3 CLINICAL FEATURES OF
CARDIOTOXICITY

3.1 Monoclonal Antibody
The main reason for discontinuation of ErbB2-targeted therapy is
cardiotoxicity (Martín et al., 2009). Trastuzumab was the first
ErbB2-targeting drug to be used in HER + breast cancer,
therefore, trastuzumab-associated cardiotoxicity is the most
well-studied cardiotoxicity of the cardiotoxicities associated
with Erb2-targeting drugs (Herrmann, 2020). Trastuzumab-
associated cardiotoxicity is usually characterized by an
asymptomatic decrease in left ventricular ejection fraction
(LVEF), which can be reversed after drug discontinuation
(Perez and Rodeheffer, 2004). However, a prospective study
showed that 48.53% of patients with available cardiac

FIGURE 2 | Potential mechanism of cardiotoxicity induced by anti-ErbB-targeted drugs. Trastuzumab and T-DM1 act on the same epitope of ErbB2, and
pertuzumab also acts on similar epitopes. They inhibit ErbB2/4 dimerization induced by NRG1. Lapatinib acts directly on the phosphorylation site of ErbB2. Inhibition of
ErbB2 can inhibit STAT3 through MAPK/ERK1/2, leading to mitochondrial dysfunction and promoting cell death. Moreover, Akt expression can decrease iNOS and
increase eNOS, which leads to the accumulation of ROS in mitochondria. Moreover, the increase in the Bcl-XS/Bcl-XL ratio directly stimulates caspase 3/9 and
promotes cell apoptosis.
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TABLE 2 | Summary of studies for toxicities of HER-2 target drugs.

ERBb2-Targeted drugs Toxicities References

Monoclonal antibody Trastuzumab LVEF decreased, HF happened, Arrhythmia Romond et al. (2012), Bayar et al. (2015), Serrano et al. (2015),
Jacquinot et al. (2018), Nowsheen et al. (2018), Hussain et al. (2019),
Keramida et al. (2019), Yoon et al. (2019), Upshaw et al. (2020)

Pertuzumab Neutropenia and diarrhoea van Ramshorst et al. (2016), Tan et al. (2021)
Margetuximab Diarrhoea, nausea, anaemia and pyrexia Markham (2021)

Antibody–drug
conjugates

T-DM1 Transient LVEF decreased (Krop et al. (2014), Pondé et al. (1990), Perez et al. (2017), von
Minckwitz et al. (2019)

DS-8201 Anaemia, neutropenia, thrombocytopenia, leukopenia, and
interstitial lung disease or pneumonia

Modi et al. (2020)

Tyrosine kinase
inhibitors

Lapatinib Mild diarrhoea and rash Bilancia et al. (2007), de Azambuja et al. (2014), Eiger et al. (2020)
Neratinib Diarrhoea Awada et al. (2016), Chan et al. (2016), Martin et al. (2017)
Tucatinib Diarrhoea and hepatotoxicity Lee (2020), Shah et al. (2021)

LVEF, left ventricular ejection fraction; HF, heart failure; T-DM1, Trastuzumab emtansine; DS-8201, Trastuzumab deruxtecan.

TABLE 1 | Summary of studies for development of clinical HER-2 target drugs.

Author/Date Trial type Population studies Number Methods Significant References

Jacquinot
et al. (2018)

Prospective
study

Patients who received
12 months of trastuzumab

1631 LVEF performed every 3 months;
every 6 months (patients received
trastuzumab and after completion of
treatment over the first 2 years)

48.53% of patients with available
measures did not fully recover their
baseline LVEF value

Jacquinot
et al. (2018)

Yoon et al.
(2019)

Retrospective
study

Patients with
trastuzumab-induced left
ventricular
dysfunction (LVD)

243 Major adverse clinical events (MACEs)
were compared in non-recovered LVD
and recovered LVD.

Non-recovered LVD was
associated with MACEs.
Decreased LVEF, enlarged LV size,
pulmonary hypertension, and
anaemia were independent
predictors of LV-functional non-
recovery

Yoon et al.
(2019)

Nowsheen
et al. (2018)

Retrospective
study

Patients with reduced left
ventricular ejection fraction
during using trastuzumab

428 A retrospective study of women
treated with trastuzumab for human
epidermal growth factor receptor 2
breast cancer at Mayo Clinic
Rochester between January 1, 2000
and August 31, 2015 with pre- and on-
therapy echocardiograms available for
review

Impaired baseline cardiac function
experience no higher risk of LVEF
decline, but more frequently
develop symptomatic heart failure

Nowsheen
et al. (2018)

Hussain et al.
(2019)

Retrospective
study

Patients with reduced left
ventricular ejection fraction
during using trastuzumab

160 Retrospectively studied 160 patients
with breast cancer receiving
trastuzumab in the adjuvant (n � 129)
as well as metastatic (n � 31) settings
in our institution from 2006 to 2015.
During the median follow-up of
3.5 years

Lower LVEF before trastuzumab
independently predicted
subsequent development of TRC

Hussain et al.
(2019)

Kaboré et al.
(2019)

Prospective
study

Patients with stage I–III BC
treated with anthracycline
and/or trastuzumab

929 Analyzed associations between BMI
and cardiotoxicity using multivariate
logistic regression

The obese group was more prone
to cardiotoxicity than the normal-
weight group. Obesity and
administration of trastuzumab were
independently associated with c
ardiotoxicity

Kaboré et al.
(2019)

Keramida
et al. (2019)

Prospective
study

Patients with consecutive
receiving trastuzumab for
12 months

101 Comprehensive two-dimensional
echocardiography with speckle
tracking imaging of LV and RV global
longitudinal strain (GLS) and RV free
wall longitudinal strain (FWLS)
analyses were performed at baseline
and every 3 months up to treatment
completion

Deformation mechanics of both the
left and right ventricle follow similar
temporal pattern and degree of
impairment, confirming the global
and uniform effect of trastuzumab
on myocardial function

Keramida et al.
(2019)
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ultrasound measurements (379 out of 781 patients) did not fully
recover baseline LVEF (Jacquinot et al., 2018). Nonetheless, more
than 30% of the people in the study were 60 years old. Therefore,
the failure to exclude elderly patients with heart diseases from the
study may have caused bias. Unfortunately, the study did not
conduct a follow up, so long-term LVEF recovery results were not
available. However, Yoon et al. found that non-recovery of
trastuzumab-induced left ventricular dysfunction (LVD) had
an impact on the clinical outcome of breast cancer. The
survival rates of the group without left ventricular hypertrophy
were significantly lower than those of the group with left
ventricular hypertrophy. Increased left ventricular volume,
pulmonary hypertension, and anemia were found to be
contributing factors (Yoon et al., 2019). A recent study
indicated that patients with reduced baseline cardiac function
undergoing trastuzumab therapy for breast cancer developed
symptomatic heart failure more frequently than patients with
normal cardiac function, but did not experience a higher risk of
LVEF decline (Nowsheen et al., 2018). These results contradict a
previous study by Romond et al. (2012), that detected LVEF
decline during trastuzumab treatment. However, the latter study
tracked patients for up to 5 years and this may be the main reason
for the opposing results. The development of diastolic
dysfunction after treatment with anthracyclines alone, or
anthracycline plus trastuzumab, is common (Serrano et al.,
2015). However, the development of diastolic dysfunction was
not observed with trastuzumab alone (Upshaw et al., 2020).
Trastuzumab may cause right heart failure and right
ventricular dysfunction and its effect on myocardial function
was global and uniform (Bayar et al., 2015; Keramida et al., 2019).
Hussain et al. found that patients with asymptomatic LVEF
decline to <50% continued to use trastuzumab, who are
expected to benefit from additional anti-HER2 therapy
(Hussain et al., 2019).

Pertuzumab, in combination with other drugs, mostly causes
neutropenia and diarrhoea. Significant cardiac toxicity is rare
with both regimens, and overall toxicity is manageable (van
Ramshorst et al., 2016). Tan et al. (2021) obtained the same
result and the occurrence of cardiotoxic events was less than 1%.
Lynce et al. (2019) observed no statistical difference in the
incidence of adverse cardiac events between pertuzumab
combined with trastuzumab and trastuzumab alone. This was
consistent with the results of two previous prospective studies

(von Minckwitz et al., 2017). Pertuzumab may only inhibit
ErbB2/3 dimerization but does not block the ErbB2/4
signalling pathway in cardiomyocytes (Franklin et al., 2004).

The safety of margetuximab combined with chemotherapy
was considered to be acceptable, and margetuximab improved
primary progression-free survival (PFS) compared with
trastuzumab, with a 24% relative risk reduction (Rugo et al.,
2021). In December 2020, margetuximab was approved by the
United States Food and Drug Administration (FDA) for use in
combination with chemotherapy for metastatic HER2+ breast
cancer (Markham, 2021). Treatment was well-tolerated, with
toxicities mostly consisting of constitutional symptoms such
as diarrhea, nausea, anemia, and pyrexia. A phase I study
found no LVEF reduction to <50% or symptomatic heart
failure with the use of margetuximab (Bang et al., 2017).
Primary analysis of results of the phase III Sophia trial,
reported that the incidence of LVEF of any grade was lower
in the margetuximab group, than in the trastuzumab group
(Rugo et al., 2019).

3.2 Antibody–Drug Conjugates
The incidence of cardiac events (CEs) was low in patients
treated with trastuzumab emtansine (T-DM1) (Krop et al.,
2014). The latest meta-analysis included individual patient-
level data of 1,961 patients exposed to T-DM1 from seven
trials. Multivariate analysis showed age ≥65 years (OR 3.0;
95% CI, 1.77–5.14; p < 0.001) and baseline LVEF <55% (OR
2.62; 95% CI, 1.29–5.32; p � 0.008) as risk factors. The majority
(79%) of patients had CE resolution after discontinuation of
treatment (Pondé et al., 1990). The Phase III Marianne trial
compared T-DM1 to T-DM1 + pertuzumab and trastuzumab +
taxane, and both T-DM1-containing regimens (0.8 and 2.5%,
respectively) had a lower incidence of LVEF reduction than the
trastuzumab regimen (4.5%) (Perez et al., 2017). In the
Katherine trial, cardiac adverse events were very rare overall
(0.3%), but the incidence of T-DM1 (1 in 740) was still lower
than that of trastuzumab (4 per 720) (von Minckwitz et al.,
2019).

Trastuzumab deruxtecan (DS-8201) was approved by the FDA
for the treatment of unresectable or metastatic HER2-positive
breast cancer in December 2019 (Narayan et al., 2021).
Trastuzumab deruxtecan rarely causes cardiotoxic events, and
the most common adverse effects are hematological, including

TABLE 3 |Summary of interveningmeasure. Current interventions are mainly antioxidants, ACER/AEB/BB and newmaterial combination drugs. Antioxidants aremade up of
Probucol, Ranolazine, flaxseed (FLX), alpha-linolenic acid (ALA), secoisolariciresinol diglucoside (SDG), the antioxidant coenzyme Q (10) and nanoemulsion (NES). The
possible mechanism is mainly antioxidant effect. The drugs mainly affected reactive oxygen species (ROS) accumulation to inhibit of cell death.

Types Drugs Test subjects Function References

Antioxidant Probucol Rats ROS↓/Myocardial remodeling↓ PMID:21353471
Ranolazine Mice MMP2/Capase3↓ PMID:29467663
FLX/ALA/SDG Mice Antioxidant PMID: 32510147
Q(10)+NEs Humans LTB4/NF-κB/IL-6↓ PMID: 32764923

ACER/ARB/BB ACEI/ARB — RASS↓/Myocardial remodeling↓ PMID: 32777728
BB — Sympathetic nervous↓ PMID: 32777728
BB Mice Sirtuin-3↓/ROS↓ PMID: 33529501
Statin — GS-SG↓/ROS↓ PMID: 28622591
Lipidosome Cells/Humans Cardiotoxicity↓ PMID: 26759238
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anemia, neutropenia, thrombocytopenia, and leukopenia. Other
adverse effects include interstitial lung disease and pneumonia
(Modi et al., 2020).

3.3 Tyrosine Kinase Inhibitors
Lapatinib is well tolerated and has a low incidence of
cardiotoxicity, with mild diarrhea and rash being the most
common toxic effects (Bilancia et al., 2007; de Azambuja et al.,
2014). Eiger et al. (2020) discovered that compare trastuzumab
(T) with galapatinib (L) dual HER2-blocking treatment to
trastuzumab, CE was observed in 363 (8.6%) and 166 (7.9%)
patients in the T + L arm versus 197 (9.3%) in the T arm (OR �
0.85; [95% CI, 0.68–1.05]).

Neratinib had a bigger problem—diarrhoea in clinical (Chan
et al., 2016). In the Nefert-T study, the incidence of grade 3 or
higher cardiotoxicity was 1.3% in the neratinib/paclitaxel group
and 3.0% in the trastuzumab/paclitaxel group (Awada et al.,
2016). In the Extenet trial, and no long-term cardiovascular
toxicity was observed. Although cardiotoxicity is negligible,
other obvious adverse events, such as diarrhea, require
clinician attention (Martin et al., 2017).

Diarrhea and hepatotoxicity were reported as the major
adverse events of tucatinib (Lee, 2020). On April 2020, the
FDA approved tucatinib in combination with trastuzumab and
capecitabine for the treatment of patients with advanced
unresectable or metastatic HER2-positive breast cancer,
including patients with brain metastases (Shah et al., 2021). In
the HER2CLIMB phase III trial, cardiotoxicity was less than 1%
in both groups of participants (Murthy et al., 2020).

The latest individual patient data level pooled analysis of
HERA, NSBAP B-31, and NCCTG 9831 (Alliance Trials)
revealed baseline risk factors that were significantly associated
with the development of CE. These factors were baseline LVEF
<60%, hypertension, body mass index > 25, age ≥ 60 years, and
non-Caucasian ethnicity (de Azambuja et al., 2020). In addition,
Jones et al. (2018) found that cardiac function in the first
3 months after trastuzumab treatment had an impact on the
long-term assessment of heart failure (6–24 months after
treatment), and patients with no significant decrease in EF at
3 months tended to have better long-term assessment of heart
failure. The French national multicentre prospective CANTO
(CANcer TOxicities) study showed that obesity appears to be
associated with an important increase in risk-related
cardiotoxicity, which is consistent with the results of meta-
analysis (Kaboré et al., 2019) (Tables 1,2).

4 DIAGNOSTIC STRATEGIES

4.1 Imaging
Cardiac ultrasonography is the main method to detect heart
failure caused by cardiotoxicity (Fallah-Rad et al., 2011).
Impairment of the left ventricular diastolic function before
treatment is an independent predictor of trastuzumab
cardiotoxicity, and assessment of diastolic function before
administration predicts cardiotoxicity risk (Cochet et al.,
2011). Moreover, diastolic dysfunction was more sensitive than

left ventricular ejection fraction on radiographic examination
(Cao et al., 2015). Global longitudinal strain (GLS) analysis can
detect cardiac changes earlier and more comprehensively
(Lorenzini et al., 2017). A retrospective study showed that
anthracycline trastuzumab treatment resulted in early
worsening of left ventricle GLS, peripheral strain, and systolic
strain rate and the right ventricle GLS and strain rate are also
affected. However, early changes in GLS are a good predictor of
cardiotoxicity (Arciniegas Calle et al., 2018). GLS based on the 3-
apex viewpoint is the preferred technique for detecting cardiac
toxicity (Ben Kridis et al., 2020). The latest meta-analysis,
including 21 studies comprising of 1782 patients treated with
anthracyclines with or without trastuzumab, found the high-risk
cut-off values ranged from −21.0 to −13.8%, with worse GLS
associated with a higher cancer therapy-related cardiac
dysfunction (CTRCD) risk (odds ratio, 12.27; 95% CI,
7.73–19.47; area under the HSROC, 0.86; 95% CI, 0.83–0.89)
(Oikonomou et al., 2019). Patients with persistent worsening in
diastolic function while taking breast cancer chemotherapeutic
agents have a small risk of subsequent systolic dysfunction
(Upshaw et al., 2020). There are two new prospective studies
comparing variability of echocardiography and cardiovascular
magnetic resonance (CMR) in detecting cardiac dysfunction
associated with cancer chemotherapy, but the results of these
studies are inconclusive (Lambert et al., 2020; Houbois et al.,
2021). Therefore, 2D-GLS appears to be the most suitable for
clinical applications in individual patients.

4.2 Biological Markers
With increasing research, the detection of cardiotoxicity is not
limited to imaging, and the use of biological markers is becoming
more common in clinical practice (Upshaw, 2020). Placental
growth factor (PLGF), growth differentiation factor 15 (GDF-
15), high-sensitivity C-reactive protein (hs-CRP),
myeloperoxidase (MPO), and troponin I (TnI) can predict
decreased LVEF and are promising biomarkers for detecting
cardiac function (Onitilo et al., 2012; Bonnie et al., 2014; Putt
et al., 2015). A sub-study of the NEOALTTO trial suggested
troponin T (TnT) and the amino-terminal fragment of brain
natriuretic peptide (NT-proBNP) do not provide an early
predictor of cardiac toxicity (Ponde et al., 2018). Besides, a
meta-analysis found that an increase in the average BNP/NT-
proBNP level of patients after treatment cannot predict left
ventricle dysfunction (Michel et al., 2020). But, the latest
prospective study, the NEOALTTO trial, fifty newly diagnosed
human epidermal growth factor receptor 2-positive BC women
received or did not receive anthracycline followed by taxus and
trastuzumab for 15 months of follow-up, found NT-pro-BNP
measured at the completion of anthracyclines are useful in the
prediction of subsequent TIC (Ben Kridis et al., 2020). The
NEOALTTO trial had only 11 study patients and receiving
trastuzumab and lapatinib two targeted therapies may be the
factors. Moreover, the meta-analysis research object is all tumor
patients, not just breast cancer and BNP is more susceptible
compared to NT-proBNP. The circulating level of NT-proBNP is
increased in the unselected cancer patient population, which is
related to the increase of myocardial performance index (MPI)
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value, and is closely related to all-cause mortality (Yildirim et al.,
2013; Pavo et al., 2015). GeparOcto-GBG 84 Trial also found a
small but significant increase in early NT-proBNP levels in
patients with cardiotoxic reactions. NT-proBNP and
haemoglobin were significantly associated with cardiotoxicity
in patients receiving dose-intensive chemotherapy for early-
stage breast cancer, whereas hypersensitive cardiac troponin T
was not (Rüger et al., 2020). This may be because direct necrosis
of the heart tissue results in more cardiomyocyte dysfunction, as
well as the short half-life of TnI and systematic errors caused by
experimental design and detection technology. Andersson et al.
(2021) found the sensitivity and specificity of NT-proBNP in the
detection of trastuzumab induced cardiotoxicity (TIC) were 100
and 95% and changes in NT-proBNP may be used to monitor
TIC in patients receiving trastuzumab treatment. They also
provide a prognostic value (Pudil et al., 2020). Therefore, NT-
proBNP level is an indicator worthy of clinical attention.

5 PREVENTIVE MEASURES

5.1 Antioxidants
ErbB2-targeting drugs are widely used and an increasing
measures for prevention and treatment of cardiotoxicity are
being investigated (Dias et al., 2016). Prophylaxis of the
antioxidant Probucol (Prob) resulted in a 50% reduction in
trastuzumab-treated mice with no significant reduction in left
ventricular size or contraction parameters (Walker et al., 2011).
In addition, renorizine can also inactivate the cardiotoxicity of
trastuzumab by inhibiting the accumulation of ROS through
redox-mediated mechanisms. Renolazine also reduced the side
effects of pertuzumab and TDM1 (De Lorenzo et al., 2018).
Surprisingly, dietary supplementation of flaxseed (FLX), alpha-
linolenic acid (ALA), and secoisolariciresinol diglucoside (SDG)
also appeared to have cardioprotective effects (Asselin et al.,
2020). Similarly, the incorporation of the antioxidant
coenzyme Q (10) into nanoemulsion (NES) reduced the
expression of leukotriene B4 and p65/nuclear factor-kappa B
(NF-κB) and the production of interleukin-1β and interleukin-6
to protect the heart (Quagliariello et al., 2020).

5.2 ACEIs/ARBs and BB
The combination of ACEIs/ARBs and BB (ACE inhibitors,
angiotensin II receptor blockers and beta-blockers) with
trastuzumab adjuvant therapy is beneficial for LVEF recovery
(Oliva et al., 2012). ACEI/ARB can change the neurohumoral
renin-angiotensin-aldosterone system (RAAS) pathway and
prevent heart remodelling. Beta-blockers reduce sympathetic
dysfunction (Elghazawy et al., 2020). However, metoprolol had
no effect on the overall decline in LVEF (Gulati et al., 2016). It
cannot prevent the decrease in LVEF, nor can it prevent severe
heart atrophy, heart necrosis, or heart remodelling caused by
chemotherapy (Nicol et al., 2021). Beta-1 adrenergic blockade
may inhibit sirtuin-3 activation and promote oxidative stress,
reducing the protective effect of the sirtuin-3 pathway on
mitochondrial function and fibrosis (Guglin et al., 2019).
Lisinopril or carvedilol was used to minimize the interruption

of trastuzumab. Further prospective studies are required to verify
whether this prophylaxis prevents trastuzumab-related cardiac
toxicity.

5.3 Statins
Statins reduce the risk of heart failure due to anthracycline
(Seicean et al., 2012). A recent retrospective study found that
statins also reduced the decline in LVEF caused by trastuzumab.
A total of 129 patients with HER2-positive breast cancer were
treated with desuximab. Forty-three patients were treated with
statins during the cancer treatment. The median trastuzumab
exposure time was 11.8 months (range, 11–12 months).
Compared with the control group, the adjusted final LVEF
was lower during a median cardiac follow-up of 11 months
(IQR 9–18 months) (61.2 versus 64.6%, p � 0.034) (Calvillo-
Argüelles et al., 2019). Statins reduce the risk of heart failure
after chemotherapy for early breast cancer (including
anthracyclines), but the risk associated with the use of statins
after trastuzumab treatment remains unclear. Currently, the
mechanism underlying the effect of statins on ErbB2-targeted
cardiotoxicity remains unclear (Abdel-Qadir et al., 2021).
However, one trial found that rosuvastatin inactivates the
deterioration of left ventricular function and the production
of reactive oxygen species (ROS) and glutathione. Therefore, the
pleiotropic effects of HMG-CoA reductase inhibitors may be
related (Kabel and Elkhoely, 2017).

5.4 Others
In addition, various other methods have been reported to reduce
cardiotoxicity. Cardiac monitoring in patients receiving ErbB2-
targeted therapy should be a priority (Henry et al., 2018).
Monitoring of LVEF for 3 months was considered mandatory
(Visser et al., 2016). Strict adherence to guidelines is necessary to
avoid serious cardiovascular events. SAFE-HEaRt, a long-term
follow-up study, found that continued multidisciplinary care of
patients with cancer and heart disease was essential to improve
patient outcomes (Khoury et al., 2021). In addition, there was no
significant difference in the incidence of adverse events between
subcutaneous and intravenous administration, and it was safe and
tolerable in HER2-positive early/locally advanced breast cancer
(EBC/LABC) (Zambetti et al., 1990; De Sanctis et al., 2021).
Surprisingly, moderate-intensity exercise training in patients
prevented LVEF and loss of strength (Hojan et al., 13797)
(Table 3).

6 DISCUSSION

ErbB2-targeted drugs cause cardiac dysfunction that is
exacerbated when combined with anthracycline
chemotherapy for HER2-positive breast cancer. Although
cardiotoxicity causes ultrastructural damage to the
myocardium, the death of cardiomyocytes was found
pathologically. Currently, the mechanism of cardiotoxicity
remains unclear. However, the targeted drugs lead to an
increase in mitochondrial ROS, activation of endogenous
apoptotic procedures, and inhibition of NGR1/HER-2
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affecting downstream PI3K/Akt and Ras/MAPK pathways
which provide possible explanations for the clinical
protective effect of antioxidant drugs. MMP2 is a newly
discovered target, which is mainly related to apoptosis. This
is similar to the previous discovery of the BCL pathway.
Myocardial toxicity and cell apoptosis deserve further study.
These molecular structures may be potential therapeutic targets.
Current interventions mainly include antioxidants, ACER/
ARB/BB, and new material combination drugs. This
protective effect may be achieved by reducing the
accumulation of mitochondrial ROS. They have been shown
to reduce the risk of cardiotoxicity in clinical and animal studies
as antioxidants, but there is no further evidence of their roles in
the ErbB2-induced pathway. More experiments are needed to
verify whether these drugs act on the ErbB2-induced pathway.
The main clinical symptom is decreased LVEF, but right
ventricular dysfunction has also been reported, and the type
of damage caused by cardiotoxicity to cardiomyocytes still
further investigation. Risk factors significantly associated with
the development of cardiac events were baseline LVEF <60%,
hypertension, body mass index >25, age ≥60, and non-
Caucasian ethnicity. They are the easiest and most significant
indicators for assessing cardiotoxicity before the use of targeted
drugs. Whether used alone or in combination, trastuzumab has
more severe cardiotoxicity in ErbB2-targeted drugs than other
drugs. While pertuzumab, margetuximab, antibody-drug
conjugates, and tyrosine kinase inhibitors show less
cardiotoxicity, other side effects like diarrhoea, rashes, and
blood problems can also be a barrier to taking the medicine.
Of course, high cost is also one of the factors that keeps patients
away. The cardiotoxicity of trastuzumab combined with

pertuzumab is low, but the cardiotoxicity of trastuzumab
combined with lapatinib is higher. It is possible that lapatinib
directly inhibits ErbB2 phosphorylation, while trastuzumab and
pertuzumab have similar ErbB2 epitope-binding sites. Routine
detection of LVEF and early presentation of GLS with ErbB2-
targeted therapy can predict the development of cardiotoxicity.
NT-proBNP has always been a hot marker in the predictive
diagnosis of myocardial toxicity. Although there are still
contradictory results in all tumor myocardial toxicity studies,
it has good specificity and sensitivity in the treatment of breast
cancer resulting in myocardial toxicity. NT-proBNP may be
used to monitor TIC during treatment and has a predictive
effect on TIC prognosis. It is non-invasive, inexpensive,
reproducible, and worthy of the attention of clinicians. NT-
proBNP may serve as a biological marker for clinical prediction
of the occurrence of cardiotoxicity.
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The Clinical Value of Chemotherapy
Combined With Capecitabine in
Triple-Negative Breast Cancer—A
Meta-Analysis
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of Science and Technology, Wuhan, China

Purpose: Triple-negative breast cancer (TNBC) is the most dangerous subtype of breast
cancer with high rates of metastasis and recurrence. The efficacy of capecitabine in
chemotherapy for TNBC is still controversial. This study evaluated the efficacy and safety of
capecitabine combining with standard, adjuvant or neoadjuvant chemotherapy for TNBC.

Methods:We systematically searched clinical studies through PubMed, Cochrane library,
Embase, Wanfang Database, China Academic Journals (CNKI), and American Society of
Clinical Oncology’s (ASCO) annual conference report. Studies were assessed for design
and quality by the Cochrane risk of bias tool. A meta-analysis was performed using Review
Manager to quantify the effect of capecitabine combined with standard, adjuvant or
neoadjuvant chemotherapy on the disease-free survival (DFS) rate and overall survival (OS)
rate of TNBC patients. Furthermore, safety analysis was performed to evaluate the adverse
events.

Results: Twelve randomized controlled clinical trials involving totally 4854 TNBC patients
were included, of which 2,214 patients received chemotherapy as control group, and
2,278 patients received capecitabine combining with chemotherapy. The results indicated
that capecitabine could significantly improve the DFS [hazard ratio (HR) 0.80, 95%
confidence interval (CI) 0.71–0.90, P � 0.0003] and OS (HR 0.83, 95% CI 0.74–0.93,
P � 0.001). In subgroup analysis, the combination of capecitabine and cyclophosphamide
exhibited a significant benefit in all outcomes (DFS HR 0.75, 95% CI 0.63–0.90, P � 0.002;
OS HR 0.65, 95% CI 0.52–0.80, p < 0.0001). Additionally, defferent dose of capecitabine
subgroup showed same significant effect on the results. Safety analysis showed that the
addition of capecitabine was associated with a much higher risk of hand-foot syndrome,
diarrhea and mucositis or stomatitis.

Conclusion: The results showed that adjuvant capecitabine could bring significant
benefits on DFS and OS to unselected TNBC patients, the combination of
capecitabine and cyclophosphamide could improve the survival rate of patients,
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although the addition of capecitabine could bring significant side effects such as hand foot
syndrome (HFS) and diarrhea.

Keywords: chemotherapy, triple-negative breast cancer, capecitabine, meta-analysis, safety

INTRODUCTION

Triple-negative breast cancer (TNBC) (10–20% of breast cancer)
is a subtype of breast cancer with high rates of metastasis and
recurrence and lacks of expression of estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2), which cannot be treated with traditional
hormone therapy and Her2-targeted therapy (Li et al., 2018)
(Mouh et al., 2016). According to the NCCN (National
Comprehensive Cancer Network) guidelines, standard
therapeutic strategy for TNBC includes a combination of
chemotherapy, surgery, and radiation therapy based on the
clinic-pathological features of the disease (Waks and Winer,
2019). Although immunotherapies such as programmed cell
death 1 (PD1), programmed cell death ligand 1 (PD-L1)
inhibitor have been shown to be effective in the neoadjuvant
phase, chemotherapy is the major approved treatment strategy of
TNBC (Lebert et al., 2018; Wu et al., 2021). The standard
chemotherapy, adjuvant or neoadjuvant chemotherapy
methods for TNBC include anthracyclines, taxanes,
doxorubicin, and cyclophosphamide, platinum compounds
(Lebert et al., 2018; Li et al., 2018), but even with these
recognized effective treatments, the risk of relapse of TNBC in
10-years is still up to 20–40% (Howard and Olopade, 2021).
Therefore, it is important to explore new adjuvant and
neoadjuvant treatment.

Capecitabine is an oral prodrug of fluorouracil, which is
converted into the active substance 5-fluorouracil (5-FU) by
the higher level of thymidine phosphorylase (TP) in the
tumor, it may provide better efficacy and safety due to
non-cytotoxic of capecitabine and its intermediates
(Ishitsuka et al., 1999). Capecitabine has been approved for
the treatment of colorectal cancer, gastric cancer and breast
cancer so far (Walko and Lindley, 2005; Iqbal and Pan, 2016).
Although capecitabine is still controversial in the treatment
of breast cancer, it is one of the widely treatment drug in
TNBC neoadjuvant and postoperative adjuvant therapy
(Steger et al., 2014; Zhang et al., 2017). Twelve meta-
analyses summarized the function of capecitabine in the
treatment of breast cancer, most of which included all
subtypes of breast cancer. Some analyses showed that
capecitabine had no significant effect on breast cancer
(Martin et al., 2015; Muss et al., 2019; Lluch et al., 2020),
and some randomized controlled trials (RCTs) showed that
the addition of capecitabine to chemotherapy could improve
the survival rate (Zhang et al., 2015; Joensuu et al., 2017;
Masuda et al., 2017; Zhang et al., 2017; Li J. et al., 2020; Wang
et al., 2021). At the same time, some analyses showed that the
addition of capecitabine couldn’t affect DFS but improve OS
(Natori et al., 2017). Two meta-analyses focused on the role of
capecitabine in the treatment of TNBC, the results confirmed

that the addition of capecitabine could improve DFS and OS
in TNBC patients (Li Y. et al., 2020; Huo et al., 2021).
However, these meta-analyses were short of the latest
updates of relevant clinical trials, and did not show further
subgroup analysis such as the effect of capecitabine dose or
combination with other chemotherapeutic drugs. It is
necessary to enlarge the sample size and refine the
subgroup analysis to make the conclusion more robust.

This study evaluated the efficacy and safety of the addition of
capecitabine with standard chemotherapy, adjuvant or
neoadjuvant chemotherapy for TNBC treatment through
meta-analysis, so as to determine whether it could improve
the clinical efficacy and reduce adverse reactions. Furthermore,
subgroup analysis was conducted to explore the potential benefits
of combined cyclophosphamide and capecitabine dose on the
clinical efficacy of capecitabine.

METHODS

Search Criteria
Using “breast cancer” or “triple-negative breast cancer” and
“capecitabine” or “Xeloda” as the terms, we searched online
databases from inception to October 2021 including PubMed,
CNKI, Embase,Wanfang Database and the Cochrane library. The
annual conference presentations from American Society of
Clinical Oncology (ASCO) were also searched. No language
restrictions. The specific search strategy for each database was
presented in Supplementary Material S1.

Inclusion and Exclusion Criteria
Type of Studying
Phase II and Phase III clinical randomized controlled trials
(RCTs) were included. Observational studies were excluded.
These RCTs reported the hazard ratio (HR) and its 95%
confidence interval (CI) for DFS and/or OS.

Type of Participant
The research subjects were patients with breast cancer (including
the TNBC subgroup) or TNBC patients. Eligible patients were
females ≥18 years old and confirmed to be TNBC by pathology.
There were not any restrictions on other factors of the
participants.

Type of Interventions
One arm received standard, adjuvant or neoadjuvant
chemotherapy, and the other arm received capecitabine in
addition to standard, adjuvant or neoadjuvant chemotherapy.
Standard chemotherapy or adjuvant or neoadjuvant
chemotherapy is defined as chemotherapy with
cyclophosphamide, methotrexate, anthracycline, platinum,
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or taxanes. There were no restrictions on the type, order and
dosage of chemotherapy drugs and capecitabine.

Type of Comparisons
Based on the definitions of standard, adjuvant and neoadjuvant
chemotherapy, capecitabine group and capecitabine-free group
were compared in data analysis.

Type of Outcome Measures
Primary result: DFS and/or OS and its 95% CIs.
Adverse events: Any adverse events of any grade.

Data Collection and Analysis
Study Selection
Two researchers independently collected and evaluated all
literatures and data. Any disagreement shall be resolved
through negotiation or with a third party.

Data Extraction
The following data were collected from the included study,
including author name, publication time, baseline patient
characteristics, treatment plan, DFS, OS and their HRs, 95%
CIs, and adverse events. For the same RCT with different authors
and different publication years, the most recently published
literature data was used. Due to the lack of DFS or OS HR
information in some documents, we used Engauge software
(version 10.8) and the data processing table provided by Jayne
F Tierney to generate survival data based on the survival curve in
the report (Tierney et al., 2007).

Risk of Bias Assessment
The quality and potential bias of twelve studies was assessed using
Cochrane’s bias risk tool. Visualization of results was used by
Review Manager software.

Statistical Analysis
HR and 95% CIs of the extracted efficacy indicators, and adverse
events were incorporated into the meta-analysis. Heterogeneity
was assessed using Chi-square test and I2 test statistics. If p < 0.1
or I2 > 50%, indicating significant heterogeneity, the random
effects model was utilized to merge the studies, otherwise the
fixed effects model was used. All trials are two-sided, and the
statistical significance is p < 0.05. All statistical analysis is
performed using Review Manager 5.2 software.

Subgroup Analysis
The effect of different treatment regimens was compared in
subgroup analysis, for example, whether cyclophosphamide
was used or not and the effect of the dose of capecitabin in
treatment regimen.

Sensitivity Analysis
Sensitivity analysis was evaluated by re-analyzing after
excluded individual studies one by one or changing the
statistical model to determine the reliability of the results.
The results of sensitivity analysis could be discovered in
Supplementary Material S2.

Publication Bias
Publication bias was analyzed by the Review Manager and
presented in the form of a funnel chart.

RESULTS

Search Results
After preliminary search through the databases and looking at the
title and abstract, unqualified studies and repeated studies were
excluded based on PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses). After excluding
studies of lower quality and unable to obtain the required
data, a total of 12 studies were included in the meta-analysis.
The PRISMA flow diagram was shown in Figure 1.

Characteristics of Included Studies
Twelve relevant RCTs were identified after the initial search. The
characteristics were summarized in Table1. The included RCTs
comprised of 4 whole cohorts and eight subgroups. A total of
4854 TNBC patients were involved, of which 2,214 patients
received standard chemotherapy, adjuvant or neoadjuvant
chemotherapy and 2,278 received capecitabine basing on
standard chemotherapy, adjuvant or neoadjuvant
chemotherapy. The Gepar TRIO trial did not provide a
specific number of patients in the TNBC subgroup receiving
different treatment modalities (von Minckwitz et al., 2013a).
Some experiments only provide OS data or DFS data.

Risk of Bias Assessment
This meta-analysis was clearly defined through evidence-based
medicine methods and PICOS principles. The overall risk of bias
for all trials in this study was average. The results of risk of bias
were shown in Supplementary Figures S1, S2. Detailed
information on the risk of bias assessment was provided in
Supplementary Material S3. None of the randomized
controlled trials included in this study mentioned clear
allocation hiding, blinding of participants and personnel, and
blinding of result evaluation, which might affect the results and
should be treated with caution.

Efficacy and Subgroup Analysis
DFS
The heterogeneity test (Chi2 � 14.69, P � 0.10, I2 � 39%) indicated
low statistical heterogeneity between studies. A fixed effects
model was applied to calculate the combined HR and 95% CI
as 0.80 (0.71–0.90), P � 0.0003, indicating a statistically significant
difference between capecitabine group and capecitabine-free
group (Figure 2). This demonstrated that capecitabine could
significantly improve DFS in TNBC patients when combined
with chemotherapy, which was consistent with the conclusions of
two recent meta-analyses about the role of capecitabine for TNBC
treatment (Li Y. et al., 2020; Huo et al., 2021).

Whereas, the addition of capecitabine in the treatment of
TNBC still had some negative results and significant side effects
(Natori et al., 2017). In order to affirm the potential benefits of
capecitabine to TNBC treatment, subgroup analysis was
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performed based on whether cyclophosphamide was added to
adjuvant chemotherapy or the effect of capecitabine dose on
adjuvant chemotherapy. Our results showed that a significant
improvement in DFS was observed in the combination
capecitabine and cyclophosphamide treatment subgroup (HR
0.76, 95% CI 0.65–0.89, P � 0.0005), but not in the
cyclophosphamide free capecitabine treatment subgroup (HR
0.85, 95% CI 0.68–1.06, P � 0.16) (Figure 3). The effect of
capecitabine dose on the DFS showed that low dose
(<1,000 mg/m2) capecitabine had the same significant effect as
high dose (>1,000 mg/m2) (Figure 4).

OS
Ten RCTs were assessed for OS, there was no heterogeneity
between the capecitabine group and the capecitabine-free group
(Chi2 � 10.92, P � 0.28, I2 � 18%), so a fixed effects model was
used to calculate the combined HR and 95% CI as 0.83
(0.74–0.93), P � 0.001 (Figure 5). The results suggested that
adding capecitabine had a significant improvement in OS.
Consistent with the results of DFS subgroup analysis,
significant improvement was observed in OS when
cyclophosphamide was used (HR 0.65, 95% CI 0.52–0.80, p <
0.0001) (Figure 6). Different doses of capecitabine had the same
significant improvement in OS (Figure 7).

Safety and Tolerability
Safety and tolerability analysis of patients with breast cancer
included in twelve RCTs was performed. It was found statistically
that hand foot syndrome (HFS), neutropenia, mucositis or
stomatitis, diarrhea and fatigue were common adverse events
with high incidence. Since all adverse reactions between the
capecitabine group and the non-capecitabine group were
significantly heterogeneous (p < 0.05 and I2 > 50%), a random
effects model was used. The results indicated that capecitabine
caused much higher incidence of HFS (OR 25.57, 95% CI
10.44–62.65, p < 0.00001), mucositis or stomatitis (OR 1.88,
95% CI 1.06–3.32, p � 0.03) and diarrhea (OR 3.66, 95% CI
2.11–6.34, p < 0.00001) (Table 2).

DISCUSSION

The Results of Meta-Analysis
The evaluation of the efficacy of capecitabine in breast cancer
chemotherapy, including TNBC, has attracted wide attention. For
example, the efficacy of two adjuvant chemotherapy regimens,
TX + CEX (docetaxel plus capecitabine, cyclophosphamide,
epirubicin, and capecitabine) and T + CEF (docetaxel,
cyclophosphamide, epirubicin, and fluorouracil), were

FIGURE 1 | Flow diagram summarizing all study assessment processes.
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TABLE 1 | Characteristics of the included studies.

Study Year Author Trial
phase

Region TNBC,
N (X/

control)

Age Capecitabine
arm

Control
arm

Dose
of X

Median
follow-

up
(years)

DFS HR/
95% CI

OS HR/
95% CI

TNBC
in study

FinXX Joensuu et al. (2017) 2017 Joensuu
Heikki

Ⅲ America-
Europe

93/109 26–65 3TX→3CEX 3T→3CEF 900 mg/m2 10.3 0.53
0.31–0.92

0.55
0.31–0.96

Subgroup

GEICAM-2003–10 Martin et al.
(2015)

2015 Miguel Martín Ⅲ America-
Europe

95/71 25–73 4ET→4X 4EC→4T 1,250 mg/
m2

6.6 1.19
0.70–2.04

NA Subgroup

CREATE–X Masuda et al. (2017) 2017 N. Masuda Ⅲ Asia 139/147 25–74 standard1 + 6 − 8X Standard1 1,250 mg/
m2

3.6 0.53
0.31–0.92

0.55
0.31–0.96

Subgroup

CBCSG010 Li et al. (2020a) 2020 Junjie Li Ⅲ Asia 297/288 18–70 3TX→3CEX 3T→3CEF 1,000 mg/
m2

5.6 0.66
0.44–0.99

0.67
0.37–1.22

Whole
cohort

Zhang et al. Zhang et al. (2015) 2015 Xiaohui Zhang Ⅱ Asia 140/140 25–74 4AX 4AC 1,000 mg/
m2

4.0 1.23
0.41–3.70

0.78
0.20–3.10

Subgroup

USO 01062 O’Shaughnessy et al.
(2015)

2015 Joyce O’Sha-
ughnessy

Ⅲ America-
Europe

396/384 26–72 4AC→4TX 4AC→4T 825 mg/m2 6.4 0.81
0.57–1.15

0.62
0.41–0.94

Subgroup

GEICAM/2003–11_CIBOMA/
2004–01 Lluch et al. (2020)

2019 Lluch Ana Ⅲ America-
Europe

448/428 20–82 8X None 2,000 mg/
m2

7.3 0.77
0.59–1.00

0.86
0.63–1.20

Whole
cohort

CALGB 49907 Muss et al. (2019) 2019 Muss
Hyman B

Ⅲ America-
Europe

76/78 ≥65 6X 6CMF/4AC 2,000 mg/
m2

2.4 NA 0.82
0.53–1.25

Subgroup

SYSUCC-001 Wang et al. (2021) 2020 Xi Wang Ⅲ Asia 221/213 24–70 Standard2 → X Standard2 650 mg/m2 5.1 0.64
0.42–0.95

0.75
0.47–1.19

Whole
cohort

Gepar TRIO von Minckwitz et al.
(2013a)

2013 Gunter von
Minckwitz

Ⅲ America-
Europe

362 ≤36 2TAC→4NX 2TAC→4/
6TAC

1,000 mg/
m2

5.2 0.87
0.61–1.25

NA Subgroup

GAIN von Minckwitz et al. (2013b) 2013 Gunter von
Minckwitz

Ⅲ America-
Europe

213/208 ≤65 4EC→4TX 4ETC 2000 mg/
m2

3.2 0.97
0.68–1.38

0.81
0.54–1.20

Subgroup

ECOG-ACRIN EA1131 Mayer et al.
(2021)

2021 Ingrid A.
Mayer

Ⅲ America-
Europe

160/148 26–76 6X 4Platinum 1,000 mg/
m2

1.7 NA 0.98
0.81–1.18

Whole
cohort

X capecitabine, T docetaxel, C cyclophosphamide, E epirubicin, F fluorouracil, A pirarubicin, M methotrexate, N vinorelbine.
Standard1, Sequential anthracycline and taxane or concurrent anthracycline and taxane or anthracycline-containing chemotherapy only or docetaxel and cyclophosphamide only or fluorouracil plus anthracycline.
Standard2, anthracyclines or taxanes based or anthracyclines and taxanes based.
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compared in the FinXX and CBCSG010 trials. The results showed
the priority of TX + CEX regimen in DFS (Joensuu et al., 2017; Li
J. et al., 2020). Similarly, positive results of DFS and OS were also
observed with capecitabine for TNBC patients in the CREATE-X
and the USO 01062 trials (O’Shaughnessy et al., 2015; Masuda
et al., 2017). The reason might be that nonbasal phenotype
tumors with lower value-added index were more sensitive to
capecitabine (Lluch et al., 2020). However, for undifferentiated
triple-negative patients, the capecitabine group had no

improvement in DFS and OS compared with the observation
group in the CIBOMA trial. The GEICAM/2003-10 trial showed
that capecitabine-free group had the superiority for DFS in lymph
node-positive patients (Martin et al., 2015). Similarly, the
addition of capecitabine reduced the benefit of lymph node-
positive patients in the subgroup analysis of the CIBOMA
trial. On the contrary, the different results were obtained in
the CBCSG010 trial (Li J. et al., 2020; Lluch et al., 2020). The
reason for the different results might be the dose reduction caused

FIGURE 2 | Forest plots for the disease-free survival (DFS) rate in the comparison between chemotherapy with capecitabine group vs. capecitabine-free group in
TNBC patients.

FIGURE 3 | Subgroup analysis of the effect of capecitabine and cyclophosphamide combined with chemotherapy on DFS in TNBC patients.
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by the ethnic difference or the higher risk of recurrence in Asians
(Li J. et al., 2020; Lluch et al., 2020), which was similar to the
results of the meta-analysis by Li Y et al. (2020). In order to
evaluate the efficacy and safety of capecitabine combined with
standard chemotherapy, adjuvant chemotherapy or neoadjuvant
chemotherapy in the treatment of TNBC, it is necessary to enlarge
the sample size and refine the subgroup analysis, so as to make the
conclusion more reliable.

Herein, a meta-analysis was performed to evaluate the
potential benefits of the clinical efficacy of capecitabine for
TNBC. Twelve RCTs were retrieved and included for analysis
according to evidence-based medicine methods and PICOS
principles. The research was evaluated by bias risk assessment
and the overall level of the included studies was average. The
results showed that adjuvant capecitabine could bring significant
benefits on DFS and OS to unselected TNBC patients, the

FIGURE 4 | Subgroup analysis of the effect of capecitabine adjuvant chemotherapy dose on DFS in TNBC patients.

FIGURE 5 | Forest plots for the overall survival (OS) rate in the comparison between chemotherapy with capecitabine group vs. capecitabine-free group in TNBC
patients.
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combination of capecitabine and cyclophosphamide could
improve the survival rate of patients, although the addition of
capecitabine could bring significant side effects such as HFS and

diarrhea. Taxanes and cyclophosphamide as first-line drugs for
breast cancer chemotherapy can up-regulate the activity of
thymidine phosphorylase (TP) in the tumor (Kurosumi et al.,

FIGURE 6 | Subgroup analysis of the effect of capecitabine and cyclophosphamide combined with chemotherapy on OS in TNBC patients.

FIGURE 7 | Subgroup analysis of the effect of capecitabine adjuvant chemotherapy dose on OS in TNBC patients.
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2000). Cyclophosphamide in standard, adjuvant or neoadjuvant
chemotherapy regimens including capecitabine may up-regulate
ThdPase to promote the conversion of capecitabine to
fluorouracil and improve the efficacy of capecitabine (Khodeer
et al., 2020; Refaie et al., 2020).

The dose of capecitabine or the duration of capecitabine
treatment, and even the discontinuation of capecitabine due to
early toxicity is one of the influencing factors. The SYSUCC-001
trial showed that adding low-dose capecitabine as maintenance
therapy after standard adjuvant therapy significantly improved
disease-free survival (Wang et al., 2021). However, two
randomized controlled trials were designed with the same dose
of capecitabine (1000 mg/m2, twice a day), the former had six
cycles and the latter had eight cycles. Although the proportion of
patients in the capecitabine group who reduced the dose was
similar in the two trials (39.1 vs. 36.9%), the former reduced the
dose less and the proportion of patients who completed the
complete planned cycle was greater (84.9 vs. 75.2%). The
results proved that the duration of capecitabine treatment
might have a significant impact on the results (Wang et al.,
2021). The addition of high-dose capecitabine in the CALGB
49907 elderly breast cancer trial showed negative results. It not
only brought a lower survival rate, but also induced more obvious
side effects. Most deaths were caused by non-breast cancer, which
might be related to other competing death factors caused by age
and obvious side effects (Muss et al., 2019). Since there was no
more rigorous distinction between baseline characteristics such as
age and ethnicity, which might affect the patient’s dose, there
might be some deviations in the results. In spite of different dose
of capecitabine subgroup analysis showed same significant effect
in our analysis (Figures 4, 7), the addition of capecitabine was
associated with higher adverse events such as hand-foot
syndrome, diarrhea and mucositis or stomatitis (Table 2). Our
analysis suggested that low dose (<1,000 mg/m2) capecitabine
combined with cyclophosphamide was more beneficial for TNBC
patients.

Some research reports indicated that specific TNBC
subgroups, including specific genes related to anti-tumor
immunity, immune response, and capecitabine activation
might gain greater improvement from the addition of
capecitabine (Asleh et al., 2020). In the ABCSG-24 trial,
preoperative use of capecitabine increased pathologic complete
response (pCR) rates. For the TNBC subgroup, this improvement
was more significant (Steger et al., 2014). For some patients with
special baseline characteristics, the benefits of capecitabine may
be more obvious according to more clinical data and more
rigorous analysis. The positive efficacy of adding capecitabine

might depend on patient’s race, age and different clinical
characteristics of patients (Zhang et al., 2016; Li Y. et al., 2020;
Huo et al., 2021).

Compared to other meta-analysis, we included more data and
performed other subgroup analysis including the effect of
capecitabine and cyclophosphamide in combination and the
influence of capecitabine dose on adjuvant chemotherapy
(Zhang et al., 2016; Natori et al., 2017; Li Y. et al., 2020; Huo
et al., 2021). The meta-analysis by Yan Li et al. focused on the role
of adjuvant capecitabine in standard chemotherapy, the influence
of region and treatment period on the effect of capecitabine were
analyzed in the subgroup. The results showed that capecitabine
improved the survival of TNBC patients regardless of the region.
Longer treatment cycle had a significant improvement for DFS
but did not affect OS (Li Y. et al., 2020). Themeta-analysis by Huo
et al. analyzed the effects of capecitabine in adjuvant and
neoadjuvant chemotherapy and different lymph node status on
the effect of capecitabine (Huo et al., 2021). The results showed
that the addition of capecitabine, lymph node positive and
adjuvant chemotherapy were beneficial for DFS, which might
be related to the anti-angiogenesis of capecitabine and the
inhibition of tumor immune escape (Pasquier et al., 2010).
The ECOG-ACRIN EA1131 trial compared the effects of
platinum preparations and capecitabine after neoadjuvant
chemotherapy (Mayer et al., 2021). The results showed that
there was no significant difference between the effects of
platinum preparations and capecitabine, and platinum
preparations brought more serious toxicity.

Heterogeneity of Research and Publication
Bias
The subtypes of triple-negative breast cancer, the diversity of
treatment options, and other baseline characteristics of patients
were the main reasons for heterogeneity of the included studies,
the results were inevitably. Most of I2 in our analysis was less than
50%, indicating low heterogeneity of results between studies. The
publication bias was displayed in the form of a funnel diagram
with small sample size and a certain publication bias (Figure 8).

Limitation
We have tried our best to ensure the reliability of the results in our
research, but there were still some limitations inevitably. Firstly,
many randomized controlled trials were not included due to lack
of enough data, and the quality of the included studies was
average. Secondly, the intervention measures of the
randomized controlled trials included in the analysis and the

TABLE 2 | Analysis of grade adverse events.

Adverse events Control n/N Capecitabine n/N Odds ratio (95% CI) p

Hand-foot syndrome 82/4,407 834/4,473 25.57 (10.44–62.65) <0.00001
Neutropenia 1,508/3,769 1,471/3,816 0.85 (0.58–1.24) 0.40
Mucositis or stomatitis 116/3,842 203/3,897 1.88 (1.06–3.32) 0.03
Diarrhea 96/4,407 293/4,473 3.66 (2.11–6.34) <0.00001
Fatigue 308/4,267 318/4,333 1.02 (0.77–1.35) 0.88
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baseline characteristics of patients were inconsistent, whichmight
affect the results. Expand the sample size and refine the subgroup
analysis will make the conclusion more reliable.
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Therapeutic Drug Monitoring and
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Dasatinib is an oral second-generation tyrosine kinase inhibitor known to be used widely in
Philadelphia chromosome-positive (Ph+) chronic myeloid leukemia (CML) and Ph+ acute
lymphoblastic leukemia (ALL). Notably, although a high pharmacokinetic variability in
patients and an increased risk of pleural effusion are attendant, fixed dosing remains
standard practice. Retrospective studies have suggested that dasatinib exposure may be
associated with treatment response (efficacy/safety). Therapeutic drugmonitoring (TDM) is
gradually becoming a practical tool to achieve the goal of individualized medicine for
patients receiving targeted drugs. With the help of TDM, these patients who maintain
response while have minimum adverse events may achieve long-term survival. This review
summaries current knowledge of the clinical pharmacokinetics variation, exposure-
response relationships and analytical method for individualized dosing of dasatinib, in
particular with respect to therapeutic drug monitoring. In addition, it highlights the
emerging insights into several controversial issues in TDM of dasatinib, with the aim of
presenting up-to-date evidence for clinical decision-making and insights for future studies.

Keywords: dasatinib, pharmacokinetics, exposure-response relationships, analytical method, therapeutic drug
monitoring, individualized medicine

1 INTRODUCTION

Dasatinib is an oral second-generation dual Src-Abl1 kinase inhibitor indicated for the treatment of
adults and children with Philadelphia chromosome-positive (Ph+) chronic myeloid leukemia (CML)
and Ph+ acute lymphoblastic leukemia (ALL) with resistance or intolerance to prior therapy
including imatinib, and has become the first-line treatment for CML (Lindauer and Hochhaus,
2018). Dasatinib is 325 times as potent as imatinib in inhibiting unmutated BCR-ABL kinase in vitro,
and has inhibitory activity against the majority of imatinib-resistant BCR-ABL mutants (Lombardo
et al., 2004). Besides, dasatinib has activity in multiple other kinases, including c-KIT, PDGFRβ, and
ephrin receptor kinases (Lindauer and Hochhaus, 2018).

Dasatinib has showed an association between exposure and response. As pharmacokinetic (PK)
exposure of dasatinib varies highly among patients, some patients may be exposed to the risk of
therapeutically relevant toxicity due to high exposure, while others may suffer from suboptimal
efficacy resulted from low exposure (Verheijen et al., 2017). Additionally, dose reduction has become
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a target for further treatment in some patients with CML having
achieved cytogenetic and hematological responses, which can not
only reduce the incidence and severity of toxicities, but also
lighten the financial burden on patients. However, after the
responses have been achieved, we do not have a clear
indicator to guide reduction for achieving maximum benefits
under minimum dose. Although dasatinib has showed
satisfactory efficacy, it still has problems worried us.

Therapeutic drug monitoring (TDM) is an effective tool aimed
at optimizing a patient’s drug regimen based on biological fluids
concentrations of the drug. Several pieces of evidence suggest
potential benefits of TDM for the treatment of cancer with
tyrosine kinase inhibitors (TKIs). For the treatment dilemma
that dasatinib is currently facing, TDM is likely to be an effective
assistant strategy to contribute to the solution of problems in
clinical practice. Nevertheless, no consensus has been reached on
the TDM of dasatinib, including whether it is carried out
routinely, monitoring indicators, target ranges and feasibility,
etc. The focus of this review is to discuss the problems above in
terms of factors affecting exposure of dasatinib, exposure-
response relationships for dasatinib in previous studies, as well
as analytical method.

2 PHARMACOKINETICS VARIABILITY

Very high interpatient variability of dasatinib exposure was
observed on maximum plasma drug concentration (Cmax),
70–80%, and on area under the plasma concentration-time
curve (AUC), 40–54% (Wang et al., 2013; Ishida et al., 2016;
Chandani et al., 2017). Moreover, one study suggested that the
variability in exposure of dasatinib was greater within subjects
than between subjects (Dai et al., 2008). Many factors that lead to
the high variability of dasatinib by influencing the PK process of
dasatinib need to be considered.

2.1 Absorption
Dasatinib is rapidly absorbed following oral administration with
time to Cmax (Tmax) ranging from 0.5 to 6 h (European Medicines
Agency, 2006). With the emergence of more studies, Tmax values
observed among subjects ranged from 0.28 to 6.3 h (Horinkova
et al., 2019). The oral bioavailability was rather low in preclinical
studies with values ranging from 45 to 51% (Luo et al., 2006a),
whereas other studies showed bioavailability from 14 to 34%
(Kamath et al., 2008b). Although a high-fat meal increases the
mean AUC of dasatinib by 14% after a single dose of 100 mg
(Bristol-Myers Squibb, 2017), the change is not clinically
significant.

The most important factor impacting dasatinib absorption is
gastric pH. Dasatinib (pKa � 3.1, 6.8, and 10.8) is a weak base drug
and dissolves better in an acidic environment and precipitates in
the small intestine (Tsume et al., 2015) (BCS/BDDCS II) (Budha
et al., 2012). An extremely low AUC (54.1 ng·h/mL) and Cmax

(8.3 ng/ml) were reported in a patient with a history of total
gastrectomy surgery, showing that the influence of gastric pH on
reduced absorption of dasatinib through total gastrectomy
surgery for the first time (Iwamoto et al., 2019). An in vivo

study had shown that the elevated gastric pH range of 4.0–6.0
would significantly reduce the solubility of dasatinib (Tsume
et al., 2015). Due to the pH-dependent solubility, all co-
administration agents regulating gastric pH may have a great
impact on the oral bioavailability of dasatinib, including proton
pump inhibitors (PPIs), H2-receptor antagonists (H2RAs),
antacids, pentagastrin and betaine HCl (Table 1).

PPIs (omeprazole, lansoprazole, rabeprazole and
esomeprazole) which cancer patients often take for palliation
of the gastroesophageal reflux, dyspepsia, and gastritis, have the
effect of decreasing dasatinib exposure, which has been
demonstrated in several studies. In study of Budha et al., after
4 days administration of omeprazole (40 mg/d), dasatinib
(100 mg/d) was administered concomitantly with omeprazole
on the next day. The Cmax, AUC from time zero extrapolated
to infinite time (AUCinf) and relative bioavailability (FR) of
dasatinib in healthy subjects were reduced by 42, 43 and
∼40%, respectively (Wang et al., 2008; Budha et al., 2012). In
another study, 6 healthy subjects who began with a pretreatment
of 20 mg rabeprazole twice daily for 3 days, were given a morning
dose on the morning of the fourth study day before 100 mg
dasatinib, and significant reductions in dasatinib Cmax and
AUCinf of 78 and 84% were observed (Yago et al., 2014). One
case report has also indicated that after esomeprazole
discontinuation for 4 days, Cmax and the estimated AUC0-6.5

increased from 23.1 to 52.0 ng/ml and from 89.6 to
130.6 ng·h/mL, respectively (Pape et al., 2016).

H2RAs significantly reduce dasatinib exposure both in animals
and human. In the preclinical study, when the rats were given
3.4 mg of dasatinib (equal to 50 mg in human) along with
famotidine (10 mg/kg) injected 2 h prior to dasatinib dosing,
the AUCinf of dasatinib approximately declined 4.5-fold
compared with the control group (Lubach et al., 2013). In
healthy subjects, a dramatic decrease in Cmax and AUC0-12 of
dasatinib of 63 and 61%, respectively, was observed even though
they were taking famotidine 10 h earlier than dasatinib (Eley
et al., 2009). Same trend was also noticed in a patient with Ph+

ALL (Matsuoka et al., 2012). On the contrary, famotidine taken
2 h post dasatinib had no effect on the PK of dasatinib, suggesting
that administration of famotidine 2 h following dasatinib
mitigated the interaction between these two drugs (Eley et al.,
2009).

Similarly, when healthy subjects received 30 ml of aluminum
hydroxide/magnesium hydroxide–containing antacid (Maalox)
co-administered with dasatinib, the AUC0-12 and Cmax of
dasatinib were decreased drastically by 55 and 58%,
respectively. Whereas the antacid Maalox, taken 2 h before
dasatinib, showed no significant change (Eley et al., 2009).

Interestingly, pentagastrin, which is well-known to stimulate
acid secretion in mammals, was found to reduce exposure of
dasatinib in rats. A reasonable explanation may be that dasatinib
is probably fully dissolved in the stomach because of the high
solubility at low pH (below ∼4), indicating that as the drug passes
through the intestinal tract (pH increases to 5–7), systemic
absorption of dasatinib decreases owing to rapid
supersaturation in the gut and possible precipitation. In this
study, the gastric juice of fasted rats was highly acidic, with a

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 7978812

He et al. Therapeutic Drug Monitoring of Dasatinib

95

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


pH around 2, which is close to the value of the pentagastrin
pretreatment group (Lubach et al., 2013). That means patients
had better not take dasatinib with a prolonged fast, although food
has no effect on the absorption of dasatinib.

In order to mitigate the interaction between PPIs and
dasatinib, two studies reported the effects of betaine HCl and
acidic beverages. Patients pretreated with rabeprazole received
betaine HCl (1,500 mg) 5 min pre-dasatinib and it was able to
restore dasatinib AUCinf and Cmax to 1.05, and 1.21-fold of the
control treatment with dasatinib alone. That means that the
reduced exposure to dasatinib induced by rabeprazole can be
reversed through coadministration with betaine HCl (Yago et al.,
2014). Furthermore, it was found that the effect of concomitant
strong acid-reducing agents on ketoconazole, posaconazole, and
erlotinib absorption may be offset by coadministration of acidic
beverages such as glutamic acid, dilute hydrochloric acid, or
carbonated beverages (e.g., cola). Since both dasatinib and
these drugs require an acidic environment for optimal
absorption, thus, Knoebel et al. suggest that coadministration
of acidic beverages such as cola with dasatinib may be a rational
option for patients who require potent acid-reducing agents,
especially for PPIs (Knoebel and Larson, 2018).

2.2 Distribution
Approximately 96% of dasatinib (93% of its active metabolite) is
bound to human plasma proteins (mainly to albumin) in vitro
(Bristol-Myers Squibb, 2017). And the apparent volume of
distribution is 2505 L (Bristol-Myers Squibb, 2017),
demonstrating that dasatinib is well distributed into tissues. As

we learned, drugs with moderate to high affinity for the same
binding sites can have an effect on free drug serum concentrations
by competing protein binding sites. For instance, aspirin,
displaced valproate from protein binding sites and the free
fraction of valproate increased significantly (Orr et al., 1982).
Regrettably, no study on the protein binding of dasatinib was
found. In addition, there was a negative correlation between the
amount of albumin and valproate concentration (Lai et al., 2020).
Additional attention should be paid to patients with low albumin
levels due to complicated cirrhosis or hypoproteinemia on
account of the high binding of dasatinib to plasma proteins.

The cellular uptake of dasatinib is not dependent on drug
transporters. The intracellular uptake and retention (IUR) of
dasatinib was linear over the range of drug concentrations tested
at 4 and 37°C temperatures, suggesting that the cellular uptake is
mainly a passive process (Giannoudis et al., 2008; Hiwase et al.,
2008). Accordingly, dasatinib uptake is not dependent on hOCT1
(hOCT2 and hOCT3, too (Kamath et al., 2008a)) in contrast to
imatinib, even if dasatinib is a substrate for hOCT1 (Giannoudis
et al., 2008).

The cellular efflux of dasatinib is partially regulated by drug
transporters, which has been confirmed by studies both in vivo
and in vitro. The effects of several efflux proteins belonging to the
ATP-binding cassette transporter family on dasatinib diffusion
have been reported in multiple studies, including ABCB1
(MDR1/P-gp), ABCG2 (BCRP) and ABCC6 (MRP6). It had
been shown that dasatinib was a substrate for both P-gp and
BCRP by cell models (Giannoudis et al., 2008; Hiwase et al., 2008)
as well as directly measuring intracellular dasatinib levels (Chen

TABLE 1 | Effect of gastric acid pH modulators on the oral absorption of dasatinib.

Dasatinib
(dose regimen)

Gastric acid pH modulator (dose) Subject (N) Change Comment References

AUC Cmax

100 mg, QD Day 1: dasatinib; Days 2–5: omeprazole (40 mg); Day 6:
dasatinib and omeprazole (40 mg)

Healthy
subjects
(N � 13)

↓ 43% ↓ 42% AUCinf;
Cmax

Clinicaltrials.gov, (2009);
Budha et al., (2012)

50 mg, Q12H Famotidine (40 mg) 2 h after the evening dose of
dasatinib

Healthy
subjects
(N � 21,
crossover
study)

No significant change AUC0-12;
Cmax

Eley et al. (2009)

Famotidine (40 mg) 10 h before the morning dose of
dasatinib

↓ 61% ↓ 63%

Maaloxa (30 ml) 2 h prior to dasatinib ↑ 5%b ↑ 26%
Maaloxa (30 ml) co-administered with dasatinib ↓ 55% ↓ 58%

20–140 mg, Q12H Lansoprazole (30 mg) or famotidine (20–40 mg/d) or
nizatidine (300 mg/d)

CML or Ph+

ALL
(N � 12)

Median: ↓
58%b

Median: ↓
72%b

AUC0-4ss;
C2ss

Takahashi et al. (2012a)

70 mg, BID Famotidine (20 mg) Ph+ ALL (N
� 1)

↓ 72%b / AUC0-12 Matsuoka et al. (2012)

3.4 ± 0.1 mg, QD
(based on a 50 mg
human dose)

Famotidine (10 mg/kg, iv) 2 h prior to dasatinib Rats (N � 5) ↓ 78% ↓ 82% AUCinf;
Cmax

Lubach et al. (2013)
Pentagastrin (0.25 mg/kg, ih) 2 h prior to dasatinib Rats (N � 5) ↓ 29% ↓ 43%

100 mg, QD Pretreatment:
Rabeprazole (20 mg,
BID) for 3 days

Rabeprazole (20 mg), gastric
pH ≥ 4 for at least 15 min
before dasatinib

Healthy
subjects
(N � 12,
crossover
study)

↓ 78% ↓ 92% AUCinf;
Cmax

Yago et al. (2014)

Betaine HCl (1,500 mg)
5 min prior to dasatinib

↑ 5% ↑ 21%

50 mg, QD Esomeprazole (40 mg) Ph+ ALL (N
� 1)

↓ 32% ↓ 56% AUC0-6.5;
Cmax

Pape et al. (2016)

QD, once daily; BID, twice daily; Q12H, every 12 h; N, number of subjects; iv, intravenous injection; ih, hypodermic injection; ss, steady state.
aMaalox, Aluminum hydroxide/magnesium hydroxide–containing antacid.
bCalculated from the data in the reference; /, unmentioned in the reference.
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et al., 2009; Hegedus et al., 2009). Overexpression of ABCB1 or
ABCG2 protein reduced dasatinib IUR, resulting in an increase in
the IC50 of dasatinib, which could be modulated with inhibitors
(Hiwase et al., 2008; Chen et al., 2009). Likewise, a study
conducted in BCR-ABL1+ cell lines indicated that inhibition of
ABCC6 reduced dasatinib efflux, leading to a significant decrease
in IC50 of dasatinib (Eadie et al., 2018).

The central nervous system (CNS) delivery of dasatinib is
predominantly subject to the limitations of P-gp and BCRP. In
vivo, there was no difference in brain accumulation of dasatinib
between Abcg2−/− mice and wild-type (WT) mice, but it was 3.6-
fold and 13.2-fold increase in Abcb1a/1b−/− and Abcb1a/1b;Abcg2−/−

mice, respectively (Lagas et al., 2009), which was confirmed in
study by Chen et al. (2009) These results show that P-gp likely
exerts a leading role in limiting CNS delivery of dasatinib,
whereas BCRP alone shows no such effect on CNS transport
of dasatinib. Notably, similar results were reported for imatinib
and lapatinib. It suggests that there appears to be a “synergistic”
activity of P-gp and BCRP, with the highest efflux activity
exhibited by the combination of these two transporters
(Bihorel et al., 2007; Chen et al., 2009; Lagas et al., 2009;
Polli et al., 2009). The CNS concentration in patients was
rarely examined and mostly was undetectable, even if the
samples were collected in the absorptive phase (Porkka et al.,
2008). In 7 patients with CML or Ph+ ALL (including adult and
pediatric), the brain-to-plasma concentration (B/P) ratio was
detected (0.01, 0.03, 0.03, 0.04, 0.05, 0.08, and 0.28) (Porkka
et al., 2008; Zhou et al., 2013). And the B/P ratios of AUC0–24 in
2 pediatric patients with diffuse intrinsic pontine glioma were
0.028 and 0.016 (Broniscer et al., 2013). The finding that P-gp
and BCRP have a combined effect on CNS delivery of drug may
have significant implications for the treatment of CNS leukemia.

PPIs are substrates and inhibitors of P-gp (Pauli-Magnus et al.,
2001). High concentrations of pantoprazole and esomeprazole (1 and
2mM) resulted in a significant increase of dasatinib IUR in ABCB1
overexpressing cells (Hiwase et al., 2010), which was probably due to
the fact that PPIs inhibited the function of P-gp to pump the
dasatinib out of the target cells. However, this concentrations at
clinically relevant doses is much lower than that of 1 and 2mM and
thus does not achieve the effect of P-gp inhibition. There are other
P-gp inhibitors which also have no in vitro and in vivo data, including
cyclosporine, itraconazole, calcium antagonists, antiarrhythmic
drugs and macrolides antibiotics. More care still should be taken
if co-administered with these drugs.

2.3 Metabolism
Dasatinib is metabolized in humans, primarily by CYP3A4, and
flavin-containing monooxygenase 3 (FMO-3) and uridine
diphosphate-glucuronosyltransferase (UGT) enzymes are also
involved in the formation of dasatinib metabolites (Bristol-
Myers Squibb, 2017). Routes of metabolism include
hydroxylation, N-dealkylation, N-oxidation, alcohol oxidation
and direct glucuronide or sulphate conjugation (Horinkova
et al., 2019). There are five phase I circulating metabolites:
M4, M5, M6, M20 and M24, among which M20 and M24
represent 45 and 25% of the AUC0-24 of dasatinib,
respectively. The primary active metabolite, M4

(N-dealkylated) whose antiproliferative activity in vitro is
similar to that of dasatinib represents only 5% of dasatinib
AUC(Leveque et al., 2020).

The coadministration of CYP3A4 inhibitors or inducers lead to
varying degrees of fluctuation in dasatinib plasma concentrations.
The mean Cmax and AUC of dasatinib increased by 4-fold and 5-
fold, respectively, when used in combination with ketoconazole
(strongCYP3A4 inhibitor) (Bristol-Myers Squibb, 2017). Similarly,
other moderate or strong CYP3A4 inhibitors used frequently in
patients with CML may have the same effect, such as, aprepitan,
grapefruit juice, macrolides antibiotics (clarithromycin and
erythromycin), azole antifungal agents (itraconazole,
voriconazole, and posaconazole) and so on. In opposite, the
coadministration of rifampin (strong CYP3A4 inducer)
decreased the mean Cmax and AUC of dasatinib by 81 and
82%, respectively (Bristol-Myers Squibb, 2017). Other CYP3A4
inducers include antiepileptic drugs, dexamethasone and herbal
preparations such as St John’s wort (known as hypericum
perforatum in China) and ginseng (Leveque et al., 2020).

The data from European public assessment reports (EPARs)
show a high degree of absorption of dasatinib with the fraction of
the dose absorbed (fabs) of at least 70%. However, due to the low
absolute bioavailability (34%), a considerable amount of first-pass
metabolism can be predictably expected. So if CYP3A4 has a 50%
or greater contribution to the overall clearance of dasatinib, then a
phenotype analysis might be essential for dose adjustment to
enable individualized medicine (Mikus and Isabelle Foerster,
2017).

2.4 Excretion
Elimination is primarily via the feces. Besides, the bile also plays a
role. Following a single radiolabeled dose of oral dasatinib, 4% of
the administered radioactivity was recovered in the urine and
85% in the feces within 10 days, and unchanged dasatinib was in
the minority. The mean terminal half-life of dasatinib is 3–5 h
(Bristol-Myers Squibb, 2017).

The gut microbiome has been recognized as the second human
genome. So, it’s not surprising that large interpatient variability of
the gut ecosystem has been found. Additional data has become
available showing that except liver, the gut microbiome can also
directly influence an individual’s response to a specific drug by
enzymatically transforming the drug’s structure and altering its
bioavailability, bioactivity or toxicity (Doestzada et al., 2018;
Weersma et al., 2020). As the majority of dasatinib is excreted
out of body through feces, it is worthy of further investigation for
a complex interaction of dasatinib with the gut microbiome.

2.5 Pharmacogenetics
The pharmacogenetics of dasatinib are rarely reported. Although
to date we have not found any evidence of a relationship between
CYP3A4 gene polymorphisms and dasatinib PK, the effects of
CYP3A4 gene polymorphisms and its regulation and expression
on PK of drugs have been extensively investigated. The
CYP3A4*1G allele with high frequency in Asians was
suggested to decrease CYP3A activity and fentanyl
consumption (Wei et al., 2010). Additionally, in clinic
observation of kidney transplantation, CYP3A4*22 carriers
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required less Tacrolimus dose to achieve the target exposure
compared with CYP3A4*1/*1 carriers (Yu et al., 2018).

The 3 most relevant ABCB1 gene polymorphisms are: 1236C >
T, 2677G > T/A, and 3435C > T. One study reported ABCB1 TTT
haplotype (1236T, 2677T, 3435T) led to significantly lower
intracellular accumulation of dasatinib (Skoglund et al., 2013).
Moreover, an in vitro study reported that the ABCB1 1199A
variant was associated to a higher ABCB1 efflux activity,
particularly toward imatinib and dasatinib (Dessilly et al., 2016).

Taken together, all these results suggest that polymorphisms of
metabolic enzymes and transporters may have a potential impact
on dasatinib exposure in plasma and further studies with large
sample size are needed to confirm this.

2.6 Special Populations
Age (15–86 years old), sex, and renal impairment (creatinine
clearance 21.6 ml/min to 342.3 ml/min as estimated by Cockcroft
Gault) have no clinically relevant effect on the PK of dasatinib,
according to the prescribing information (Bristol-Myers Squibb,
2017).

2.6.1 Pediatric Patients
The PK of pediatric is very similar to that of adults. In pediatric
patients with a dosing regimen of 60 mg/m2, the model simulated
geometric mean (coefficient of variation, CV%) steady-state
plasma average concentrations of dasatinib were 14.7 (64.6%)
ng/mL (for 2 to <6 years old), 16.3 (97.5%) ng/mL (for 6 to
<12 years old), and 18.2 (67.7%) ng/mL (for 12 years and older).
Because of the difficulty in swallowing tablets, some prefer
dispersed tablets, which have an estimated 36% lower
bioavailability than intact tablets (Bristol-Myers Squibb, 2017).

2.6.2 Patients With Hepatic Impairment
Compared to subjects with normal liver function, patients with
moderate hepatic impairment (Child-Pugh B) had decreases in
mean Cmax by 47% and mean AUC by 8%. Patients with severe
hepatic impairment (Child-Pugh C) had decreases in mean Cmax

by 43% and in mean AUC by 28% compared to the subjects with
normal liver function (Bristol-Myers Squibb, 2017). No dose
adjustment for patients with hepatic impairment is currently
recommended.

3 EXPOSURE-RESPONSE RELATIONSHIPS

3.1 Exposure-Efficacy
In preclinical studies (both in vivo and in vitro), it was suggested
that the efficacy of kinase inhibition correlated with dasatinib
exposure. In BCR-ABL-positive cell lines exposed to gradient
concentrations of dasatinib (from 0.5 to 150 nM), phospho-BCR-
ABL/phospho-CrkL (p-CrkL) levels were considerably
diminished and apoptosis levels were increased with elevated
concentrations of dasatinib (Copland et al., 2006; Shah et al.,
2008b; Snead et al., 2009; O’hare et al., 2013), which was also
shown in SRC-expressing cells (Luo et al., 2008). Results of
validation in primary CML cells from CML patients were
similar to those of cell lines (Shah et al., 2008b; Luo et al.,

2008; Snead et al., 2009). In a phase I study using peripheral
blood mononuclear cells (PBMC) obtained from 5 dasatinib-
treated CML patients, p-CrKL decreased in a dose-dependent
manner after 4 h of the initial dose but was largely recovered after
8 h, coinciding with the decline in dasatinib serum levels
measured in these same patients (Talpaz et al., 2006).

Besides, in tumors from mice bearing human tumor
xenografts, tumoral phospho-BCR-ABL/phospho-SRC was
dose-dependently inhibited (a single oral dose ranging from
1.25 to 50 mg/kg), and directly related to the plasma
concentrations of dasatinib (Luo et al., 2006b; Luo et al.,
2008). Notably, two studies reported that practically
undetectable p-CrkL levels (O’hare et al., 2013) or near-
maximal apoptosis levels (Snead et al., 2009) were observed
when exposed to 100 nM (∼48.8 ng/ml) dasatinib. What’s
more, Shah et al. found that 100 nM dasatinib exposure killed
about 90% of the cells as short as 20 min, even for imatinib-
resistant (except for T315I) (Shah et al., 2008b). These results
suggest that transient potent inhibition (>50 ng/ml) is sufficient
to commit CML cells to apoptosis.

To the best of our knowledge, few clinical studies have shown
that there is some certain link between exposure and efficacy.
Plasma concentration at 2 h (C2), Cmax and AUC0-4 detected in
patients with T315I were significantly lower than those without.
The median Cmax in patients with T315I and without were
43.8 ng/ml and 112.4 ng/ml, respectively (p � 0.0242)
(Takahashi et al., 2012b). As a consequence, a low exposure to
dasatinib may be associated with the emergence of BCR-ABL
mutations, including T315I. In a prospective cohort study of 10
CML patients receiving dasatinib 100 mg once daily, analysis by
Iwamoto et al. revealed that the cut-off value of dasatinib AUC
and Cmax for achieving major molecular response (MMR) within
6 months were 336.1 ng·h/ml and 69.2 ng/ml, respectively, and
the accuracy ratio to predict MMR was 88.9% for the AUC, and
77.8% for the Cmax (Iwamoto et al., 2019). It is worth noting that
the monitoring of AUC cannot be generalized in clinical practice
because of its operational complexity, although it is the best PK
parameter to characterize dasatinib exposure. Compared with
AUC, Cmax is a more applicable parameter for prediction of
efficacy.

The study by Wang et al. using data from 567 Ph+ CML
subjects indicated that achieving major cytogenetic response
(MCyR) was most closely related to increasing wCavgss, so
from the perspective of this study, the most significant
predictor of MCyR was wCavgss (Wang et al., 2013). Despite
wCavgss suggested to predict efficacy, TDM based on wCavgss is
not feasible clinically (Yu et al., 2014).

In aggregate, it is important that transient potent dasatinib
concentration of 100 nM achieves inhibition of BCR-ABL and the
effect can last for several hours, that’s why dasatinib is taken once
daily in spite of the short half-life. In addition, although
continuous low-level exposure can achieve a similar efficacy of
BCR-ABL inhibition, a relatively high exposure is needed for
reducing the risk of developing BCR-ABL point mutations.
Vainstein et al. found higher inhibitory potential at peak
concentration (IPP), which integrated IC50, slope, and Cmax,
correlated with improved complete cytogenetic response
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(CCyR) rates in CML patients treated with dasatinib (Vainstein
et al., 2013), which confirmed the importance of Cmax laterally. A
study has proved that the C2 concentration, not concentration at
1 h (C1) or 4 h (C4), had a higher correlation with the measured
AUC0–4 of dasatinib using 34 PK profiles (r � 0.9419, p < 0.0001)
(Takahashi et al., 2012a). The monitoring of C2 concentration is
easily achieved clinically to predict whether an enough Cmax will
be obtained.

On the whole, the monitoring of dasatinib Cmax/C2 level does
make sense. It is generally accepted that a relatively high Cmax

level should be maintained to ensure the clinical efficacy and to
reduce the risk of dasatinib resistance. Based on current limited
evidence, it is recommended tomaintain C2 concentration at least
≥50 ng/ml.

Additionally, dasatinib showed the special capacity to induce
immunomodulation. The present in vitro studies indicated that
dasatinib dose-dependently inhibited the proliferation and
function of CD4+CD25+ regulatory T cells (Tregs) (Fei et al.,
2009), meanwhile it enhanced the expansion of large granular
lymphocytes [LGLs, mono- or oligoclonal CD8+T cells, γδT cells,
and natural killer (NK) cells] (Uchiyama et al., 2013). This effect
was also confirmed using a collection of 37 leukemia patients that
the blood counts closely mirrored dasatinib plasma
concentrations (Mustjoki et al., 2013). Importantly, most of
the dasatinib discontinuation trials showed that increased
LGLs levels and reduced immune suppressive Treg levels in
dasatinib treatment interrupted patients were linked to better
prognosis and treatment-free remission (TFR) successes (Hughes
and Yong, 2017; Climent and Plana, 2019). Therefore, we
reasonably speculate that the exposure of dasatinib is closely
related to TFR. However, no studies currently have been
conducted to determine whether dasatinib exposure levels
correlate with successful TFR. But it is highly worthy of
investigation and discussion, and we expect that such research
will emerge in the future.

3.2 Exposure-Safety
Reviewing data from several clinical studies, it was found that
pleural effusion (PE), an adverse event, was intimately associated
with dasatinib treatment, and was the primary reason for

discontinuation. In DASISION study, fluid retention (all
grades) occurred more frequently with imatinib than with
dasatinib (42 vs. 19%), yet it’s a remarkable fact that PE was
reported only in the dasatinib group: 26 patients (10%)
(Kantarjian et al., 2010). Subsequently, it was also identified
that the incidence of PE was related to the dasatinib dose
regimens, with the lowest of the 100 mg once daily regimen
(Shah et al., 2008a; Shah et al., 2016) (Table 2).

A phase II study (OPTIM) reported that after CML patients
with a trough plasma concentration (C0) value ≥3 nmol/L (about
1.5 ng/ml) were randomly assigned between the continuation of
dasatinib 100 mg/d (control arm: n � 42) and a dose reduction
strategy (TDM arm: n � 38), the TDM arm had a significantly
lower cumulative incidence of PE (12 vs. 39%) and
discontinuation rates (21 vs. 36%) compared to the control
arm by 36 months. It was encouraging that molecular
responses evaluated during 3 years were found to be similar in
both arms (Rousselot et al., 2021). In study by Mizuta et al.
(2018), CML patients administered dasatinib once daily at a dose
of 100 mg (n � 27) or 50 mg (n � 5) had a median C0 of dasatinib
of 1.4 ng/ml, with no significance in PE rate between high C0

group (≥1.4 ng/ml) and low C0 group (<1.4 ng/ml) (31 vs. 19%).
Nonetheless, after adjusting for dasatinib dose (g) and body
weight (kg) (C0/D/W), higher median C0 was correlated with
the incidence of the dasatinib interruption/reduction in
treatment. These results suggest that dose optimization by C0

assessment using TDM, a valuable “PE prediction tool”
(Rousselot et al., 2021), reduces the risk of exposure to PE
while ensuring the efficacy.

Wang et al. (2013) also found that patients with 100 mg once
daily schedule had the lowest PE rate (11%) and steady-state C0 of
dasatinib (2.61 ng/ml). And the C0 was identified as the most
significant predictor of PE in the Cox proportional hazards model
(hazard increased 1.22-fold for every 1 ng/ml increase in C0). Based
onWang et al.’s study (Wang et al., 2008), Yu et al. (2014) defined a
dose interruption rate of about 50% as a non-acceptable cut-off,
then the C0 should not exceed 2.5 ng/ml in chronic phase CML
patients. However, this cut-off value should be interpreted with
caution in the clinic, as it is derived from a mixed dosing regimen
(n � 567). What’s more, the analysis by Verheijen et al. (2017)

TABLE 2 | Overview of outcomes for patients administrated different oral dose of dasatinib.

Study Dose Patient (N) Efficacy, % Safety, %

OHR CHR MaHR CCyR MCyR Pleural effusion
(all grades)

Cortes et al. (2007) 70 mg, BID CML-BC (N � 116) 47 26 33 33 38 23
Guilhot et al. (2007) 70 mg, BID CML-AP (N � 107) 81 39 64 24 33 23
Hochhaus et al. (2007) 70 mg, BID CML-CP (N � 186) / 90 / / 52 19
Kantarjian et al. (2007) 70 mg, BID CML-CP (N � 101) / 93 / 40 52 17
Shah et al. (2010) 100 mg, QD CML-CP (N � 167) / 92 37 50 63 14

50 mg, BID CML-CP (N � 168) / 92 38 50 61 23
140 mg, QD CML-CP (N � 167) / 87 38 50 63 25
70 mg, BID CML-CP (N � 168) / 88 38 54 61 23

/, unmentioned in the reference.
OHR, overall hematologic response; CHR, complete hematologic response; MaHR, major hematologic response; CCyR, complete cytogenetic response; MCyR, major cytogenetic
response; QD, once daily; BID, twice daily; BC, blast crisis; CP, chronic-phase; AP, accelerated-phase.
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indicated that across all kinase inhibitors, the target exposure
fitted 81.7% of the population exposure and supported the
argument that in the absence of a definitive TDM target, the
geometric mean C0 of dasatinib [2.61 ng/ml for 100 mg once
daily, n � 146 (Wang et al., 2013)], representing the CML
population average, could be an alternative. There was an
additional viewpoint from Mirua et al. who suggested the C0

cut-off value of 4.33 ng/ml (median) from the regression model
studied by Wang et al. (2013) be determined as the minimum
toxic concentration (MTC) to avoid PE (Miura and Takahashi,
2019). On balance, the above recommendations on the target
range for dasatinib C0 are derived from single data source (all
based on Wang et al.’ study), and as such need to be supported
by additional evidence.

Age was a major risk factor for PE, which was confirmed in
several studies (Wang et al., 2013; Mizuta et al., 2018; Rousselot
et al., 2021). And it was found that this effect was driven by PK
parameters (Wang et al., 2013). Patients with high median age
had a higher level of C0, and so did a higher incidence of PE. As a
result, the therapeutic window of elderly patients may be
narrower relative to younger patients, and these patients may
need more intensive monitoring.

All things considered, the relationship between C0 of
dasatinib and the occurrence of PE in patients has been
basically established, i. e., maintaining a relatively low level
of C0 can reduce the risk of PE. Meanwhile, the threshold of
dasatinib C0 from some experts’ suggestions is concentrated at
2–5 ng/ml, despite lack of hard evidence to support it.

Consequently, it is necessary to monitor C0 of dasatinib,
but the target range needs to be further explored and
confirmed.

4 ANALYTICAL METHOD

Because of the low steady-state blood concentration of dasatinib,
the currently preferred analytical method for measuring
concentrations of dasatinib is liquid chromatography-tandem
mass spectrometry (LC-MS/MS), which has a high sensitivity
for quantifying unchanged dasatinib in biological fluids. Table 3
shows studies on the LC-MS/MS analytical method of dasatinib
published in recent 5 years (Table 3). Recently, some studies have
reported other methods used for dasatinib, such as sequential
spectrophotometric-based univariate methods (Abdelhameed
et al., 2021). Most studies determined dasatinib levels with a
lower limit of quantification (LLOQ) of 1 ng/ml (Couchman
et al., 2012; Furlong et al., 2012; Birch et al., 2013), while the
method of Bouchet et al. (2011) determined dasatinib levels with
a lower LLOQ of 0.1 ng/mL. A study found that about 4.7% of the
available dasatinib concentration measurements (contained 4044
measurements) were below the LLOQ of 1.0 ng/ml (Wang et al.,
2013; Miura and Takahashi, 2016), suggesting that lower LLOQ
of less than 1.0 ng/ml was a necessity.

Currently, the monitoring of dasatinib uses plasma samples,
which contain both free and bound fractions. However, only free
drug in equilibrium with cells can exert pharmacological effects.

TABLE 3 | Overview of LC–MS/MS analytical methods of dasatinib in human plasma in recent 5 years.

References Analtye Analytical column Internal
standard

Calibration
range,
ng/mL

LLOQ,
ng/mL

Extraction

Huynh et al. (2017) Dasatinib, other 13 TKIs Acquity UPLC BEH C18 column
(2.1 mm × 50 mm; 1.9 µm)

2H8-dasatinib 1–500 0.75 PPT

Wojnicz et al. (2017) Dasatinib, imatinib, nilotinib Poroshell 120 EC-C18 column (2.1 mm
× 75 mm, 2.7 µm)

D8-dasatinib 0.75–400 0.75 SPE

Zeng et al. (2017) Dasatinib, imatinib, nilotinib Xtimate Phenyl column (2.1 mm ×
150 mm, 3 µm)

/ 2–490 2 LLE

Maher et al. (2018) Dasatinib Acquity UPLC BEH C18 column
(1.0 mm × 100 mm, 1.7 µm)

Erlotinib 1–500 1 SPE

Merienne et al. (2018) Dasatinib, other 16 TKIs and 2
metabolites

CORTECS UPLC C18 column (2.1 ×
50 mm, 1.6 µm)

13C6-dasatinib 0.1–200 0.1 SPE

Ezzeldin et al. (2020) Dasatinib, other 6 TKIs Acquity UPLC BEH C18 column
(2.1 mm × 100 mm, 1.7 µm)

Quizartinib 5–1000 5 PPT

Koller et al. (2020) Dasatinib, other 10 TKIs Poroshell 120 EC-C18 column (2.1 mm
× 75 mm, 2.7 µm)

D8-dasatinib 0.38–400 0.38 PPT; SPE

Mukai et al. (2020) Dasatinib, other 4 TKIs and 3 active
metabolites

L-column3 C18 (2.1 mm ×
50 mm, 3 µm)

D8-dasatinib 0.5–150 0.5 SLE

Hirasawa et al. (2021) Dasatinib, other 4 TKIs Triart C18 MetalFree column (2.1 mm ×
50 mm, 3 µm)

2H8-dasatinib 0.1–200 0.1 PPT

Llopis et al. (2021) Dasatinib, other 8 TKIs, 2 active
metabolites and 2 AAs

Acquity UPLC T3 HSS C18 column (2.1
× 100 mm, 1.8 µm)

2H8-dasatinib 1–500 1 PPT

Sumimoto et al.
(2021)

Dasatinib, other 4 TKIs and 2 active
metabolites

Acquity BEH C18 column (2.1 mm ×
50 mm, 1.7 µm)

D8-dasatinib 0.2–200 0.2 SPE

Verougstraete et al.
(2021)

Dasatinib, other 7 TKIs Acquity UPLC BEH C18 column
(2.1 mm× 100 mm, 1.7 µm)

D8-dasatinib 0.5–450 0.5 PPT

/, unmentioned in the reference.
PPT, protein precipitation; SPE, solid-phase extraction; LLE, liquid-liquid extraction; SLE, supported liquid extraction method using an ISOLUTE SLE+ column; LC–MS/MS, liquid
chromatography/electrospray ionization–tandem mass spectrometry; AAs, antiandrogen drugs.
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Simultaneously, pharmacologically active free fraction may
undergo significant changes due to variations in the
concentration, conformation, and/or other physicochemical
properties of plasma proteins (Haouala et al., 2013). Hence,
free dasatinib concentration should be in consideration
because of its high protein binding rate (Widmer et al., 2014).
There was a study measured free and total imatinib
concentrations and predicted imatinib free concentrations by
an established model based on total concentrations and plasma
proteins measurements (Haouala et al., 2013).

Plasma samples are collected in tubes using heparin or EDTA as
anticoagulant by immediate centrifugation. Different sample
preparation methods, such as protein precipitation (PPT)
(Haouala et al., 2009; Huynh et al., 2017), solid-phase extraction
(SPE) (Bouchet et al., 2011; Furlong et al., 2012; Wojnicz et al., 2017;
Koller et al., 2020) and liquid-liquid extraction (LLE) (Couchman
et al., 2012; Birch et al., 2013), have been used for TKIs. PPT,
however, is at most risk of causing ion suppression in electrospray
ionization (ESI), since it does not remove all endogenous
compounds that interfere with ESI-LC-MS/MS analysis (Koller
et al., 2020). In particular, samples will be diluted by the addition
of protein precipitator, resulting in a lower concentration of the drug
to be measured. Therefore, it is not suitable for samples with low
concentration like C0 of dasatinib. LLE is characterized by clean
extraction, of which multiple extraction steps are required to
improve the recovery of analytes. SPE is less time-consuming
and requires less solvent volume (Koller et al., 2020), which is a
more costly method compared with LLE (Zeng et al., 2017).
Moreover, Mukai et al. employed a supported liquid extraction
method using an ISOLUTE SLE+ column which was more
convenient compared to SPE (Mukai et al., 2020). Another
proper alternative to SPE is thin-film solid-phase
microextraction (TF-SPME) whose distinctive characteristics are
high sensitivity, large extraction capacity, and minimum requisite
sample pre-treatment (Khodayari et al., 2021).

5 CONCLUSION AND PROSPECT

The findings presented in this review demonstrate that TDM of
dasatinib is essential and feasible, and the clinical benefits of
dasatinib TDM in individualized medicine have also been initially
shown. Based on the evidence currently available, scholars
suggest that maintain a relatively high level of C2 or Cmax to
obtain sufficient efficacy and reduce the risk of BCR-ABL

mutations, and a relatively low level of C0 to reduce the risk
of exposure to PE. Moreover, age is a factor with more attention
and elderly patients may need regular monitoring compared with
young patients.

At present, there is a real need to identify the range of the
monitoring target and high-quality controlled studies need to be
performed to confirm its appropriateness, especially for C0.
Accordingly, with the progressing of the research, a classification
refinement of dasatinib TDM is likely needed, such as diseases, ages,
races and so on. Following the launch of targeted drugs with safety
and efficacy, more and more patients are achieving responses,
accompanied by increasing demands for dose reduction.
Extending the existing knowledge with additional studies in the
field of individualized medicine will open up the era of guiding
reduction by TDM and implementing it into clinical practice in the
foreseeable future to improve patients’ quality of life. Additionally, to
facilitate clinical application, there is an inevitable need to advance
technologies for feasible and accurate monitoring of drug
concentrations. For example, the determination of free
concentration or the free concentration modelled predicted can
more accurately reflect the exposure of pharmacologically active
free fraction. Overall, the strategy of TDM will help overcome
difficulties of dasatinib in treatment and bring further survival
benefit and a better quality of life for patients in the future.
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Background: Previous studies have revealed the critical role of methylene
tetrahydrofolate reductase (MTHFR) polymorphisms in response to high-dose
methotrexate (MTX)-induced toxicity in osteosarcoma patients. However, the
conclusions remain controversial. In this setting, we performed a meta-analysis to
determine their association more precisely.

Method: Eligible studies were searched and screened in PubMed, Web of Science,
Cochrane Library, Clinical-Trials.gov, Embase, and China National Knowledge
Infrastructure (CNKI) following specific inclusion and exclusion criteria. The required
information was retrieved and collected for subsequent meta-analysis. Association
between MTHFR polymorphism and MTX toxicity was evaluated by odds ratios (ORs).

Results: Seven studies containing 585 patients were enrolled and analyzed in this meta-
analysis. Overall, the MTX related grade 3-4 liver toxicity was significantly associated with
MTHFR rs1801133 allele (T vs. C: OR=1.61, 95%CI=1.07-2.42, P=0.024), homozygote
(TT vs. CC: OR=2.11, 95%CI=1.06-4.21, P=0.011), and dominant genetic model (TT/TC
vs. CC: OR=3.15, 95%CI=1.30-7.60, P=0.035) in Asian population. Meanwhile, close
associations between MTX mediated grade 3-4 mucositis and MTHFR rs1801133
polymorphism were identified in allele contrast (T vs. C: OR=2.28, 95%CI=1.49-3.50,
P<0.001), homozygote comparison (TT vs. CC: OR=4.07, 95%CI=1.76-9.38, P=0.001),
heterozygote comparison (TC vs. CC: OR=2.55, 95%CI=1.20-5.42, P=0.015), recessive
genetic model (TT vs. TC/CC: OR=2.09, 95%CI=1.19-3.67, P=0.010), and dominant
genetic model (TT/TC vs. CC: OR=2.97, 95%CI=1.48-5.96, P=0.002). Additionally,
kidney toxicity was corelated with the heterozygote comparison (TC vs. CC: OR=2.63,
95%CI=1.31-5.29, P=0.007) of rs1801133 polymorphism.

Conclusion: The MTHFR rs1801133 polymorphism was significantly associated with
severer liver toxicity induced by high-dose MTX treatment in the Asian population. In the
meantime, patients with MTHFR rs1801133 polymorphism were predisposed to MTX-
related mucositis.
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INTRODUCTION

Primarily occurring in adolescents, osteosarcoma has been the
second malignancy among young teenagers (1) and the most
prevalent primary osseous tumor with an annual incidence of
1~3 cases per million worldwide (2). It is characterized by the
production of osteoid tissue and immature bone mainly in the
metaphysis of long bones (3). Though the prognosis of
osteosarcoma has improved significantly over the past decades,
outcomes for most patients remain variable, under the influence
of multiple elements, for instance, the genetic and epigenetic
background (4–7).

The existing treatment for osteosarcoma involves neoadjuvant
chemotherapy, lesion resection, and chemotherapy. Adjuvant or
neoadjuvant chemotherapy has substantially improved the long-
term survival rate since the early 1970s (8). The common
chemotherapy regimens comprise high-dose methotrexate
(MTX), doxorubicin, ifosfamide, cisplatin, and vincristine.
However, the chemotherapy-related toxicity and adverse effects
remain intractable and unpredictable, which are the main
obstacles that lead to dose decrease and even interruption or
discontinuation of chemotherapy. MTX, an inhibitor of
dihydrofolate reductase, plays a role in interrupting the DNA
synthesis and normal cellular metabolism in both the cancerous
and normal cells (9). Previous studies have reported a high
incidence of medication toxicity during high-dose MTX
treatment for osteosarcoma patients (10, 11). Adverse events
induced by high-dose MTX (>1g/m2) include renal insufficiency,
hepatocellular damage, nausea/vomiting, skin/subcutaneous
induration, anemia, mucositis, etc. (10). The presence of toxicity
is influenced by multiple factors such as age, gender, ethnicity, and
genetic background (9, 12). In this setting, patients may benefit
from individualized chemotherapy that is tailored according to
their disease characteristics and background.

Methylene tetrahydrofolate reductase (MTHFR) is a
crucial enzyme in the folate metabolism and DNA synthesis
regulatory network, which promotes the conversion of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate (13).
Until now, two types of polymorphisms have been identified for
MTHFR, containing rs1801133 and rs1801131. Rs1801133
polymorphism is characterized by the C to T substitution at
nucleotide position 677, leading to amino acid change from
alanine to valine, which decreases the enzymatic activity
significantly by more than 30% (14). While nucleotide 1289 A is
substituted with C in rs1801131. Studies have shed light on the
relationship between different MTHFR variants and MTX
treatment toxicity in various diseases. For instance, Lv et al.
have shown more frequent MTX-related side effects in MTHFR-
TT carriers compared with MTHFR-677CC in rheumatoid
arthritis (RA) patients (15). The evidence also indicated that the
MTHFR 677T mutation decreased the chemosensitivity of breast
cancer cells to MTX (16). And the MTHFR C677T polymorphism
was remarkably associated with relapse after MTX treatment in
pediatric acute lymphoblastic leukemia (ALL) (17). Meanwhile,
several studies have revealed the association between MTHFR
variants and MTX toxicity in osteosarcoma (18–24). However,
the current conclusions remain controversial. Therefore, we
Frontiers in Oncology | www.frontiersin.org 2106
conducted this meta-analysis, with the aim to reach a more
precise consensus.
MATERIALS AND METHODS

Search Strategy
This meta-analysis follows the instruction of Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (25). Studies related to the meta-analysis topic were
retrieved from PubMed, Web of Science, Cochrane Library,
Clinical-Trials.gov, Embase, and China National Knowledge
Infrastructure (CNKI) under the search terms “MTHFR and
(polymorphism or variant or mutation) and osteosarcoma”
updated on July 26, 2021. Two researchers (WCZ, ZYL)
screened and selected the eligible studies independently in all
the research hits by reviewing their title, abstract or full text.

Inclusion and Exclusion Criteria
All enrolled studies were sorted according to the specific
inclusion and exclusion criteria. The inclusion criteria include:
(1) the case control study, (2) assessment of the association
between MTHFR polymorphism and MTX toxicity in the
treatment of osteosarcoma, (3) containing available allele and
genotype distribution information to calculate odds ratios (ORs)
and 95% confidence interval (CI). Accordingly, the exclusion
criteria were: (1) studies with duplicate data, (2) articles
such as conference abstracts, letters, reviews, case reports,
sequencing data, bioinformatic analyses, and meta-analyses, (3)
studies without extractable toxicity response grouped by
detailed genotyping.

Data extraction and Quality Evaluation
Two independent researchers (WCZ, ZYL) extracted all needed
information from the included studies, comprising the first
author’s name, published year, country, ethnicity, genotyping
methods, sample size, investigated SNPs, MTX dose, ORs, 95%
CI for different genotype (allele contrast T vs. C, homozygote
comparison TT vs. CC, heterozygote comparison TC vs. CC,
recessive genetic model TT vs. TC/CC, and dominant genetic
model TT/TC vs. CC), and MTX related toxicity (liver toxicity,
kidney toxicity, mucositis, and anemia). The result was then
checked and confirmed by another researcher (ZMY). The
quality of each enrolled study was assessed using the
Newcastle-Ottawa Scale (NOS) as previously described (26).

Statistical Analyses
The ORs and the corresponding 95% CI were calculated to assess
the relationship between MTHFR polymorphisms and MTX
toxicity. An OR>1 connoted a risk factor for the analyzed
outcome, while an OR<1 indicated a protective factor. Four
MTX-related adverse events were evaluated under different
genotype contrasts. The ORs and 95% CI from all enrolled
studies were pooled by using the Stata software (Version 12.0;
StataCorp LP, College Station, TX, USA). The fixed model
(Mantel-Haenszel method) was used if the heterogeneity was
December 2021 | Volume 11 | Article 781386

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. MTHFR Polymorphism and Methotrexate Toxicity
not significant (I2<50%, P>0.05), otherwise the random model
(DerSimonian and Laird method) was adopted as previously
described (27). For several analyses with great heterogeneity, we
performed a subgroup analysis to determine the sources of
heterogeneity including sample size, genotyping method,
and ethnicity.

Meanwhile, the stability of the results was evaluated by
sensitivity analysis, which determined the impact of every
single study on the pooled results through recalculation after
deleting each one. Egger’s linear regression test and Begg’s
test were utilized to investigate the potential publication bias.
An asymmetric plot indicated the possibility of publication
bias. Statistical significance was defined as p<0.05 in all
statistical analyses.
RESULTS

Enrolled Studies and Quality Assessment
Overall, 88 search results were identified in multiple databases
according to the search strategy. After duplicates removal, there
Frontiers in Oncology | www.frontiersin.org 3107
were 49 studies remaining, and 34 records of reviews,
bibliometrics, or unrelated to the topic were further excluded.
Subsequently, the full text of 15 studies were screened and 8
studies were obviated because of the lack of extractable clinical
data. Finally, seven eligible studies remained for the next step
analysis. PRISMA flowchart showed the detailed processes
(Figure 1). The NOS scores of the included studies were all
higher than 7, indicating the adequate quality of these researches.

Characteristics of Included Studies
Overall, this meta-analysis has included seven studies containing
585 patients through careful screening (Figure 1). Four studies
focused on the rs1801133 and rs1801131 polymorphisms while
three only mentioned the rs1801133. Since data for rs1801131
polymorphism were unextractable in three studies, we can only
analyze the association between rs1801133 polymorphism and
MTX toxicity. Of all studies, four principal adverse events were
construed, comprising liver toxicity, kidney toxicity, mucositis,
and anemia. As to the ethnicity, three studies investigated the
Caucasian population and four studies focused on the Asian
population. Genotyping methods included Microarray,
FIGURE 1 | Flow diagram for study identification with criteria in the meta-analysis (28).
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MassARRAY, PCR, and TaqMan SNP Genotyping Assay. The
sample size ranged from 37 to 210 with a mean size of 83.57. The
MTX dosage was 12 g/m2 in most cases while one study
administered 200mg/kg of MTX. More specific characteristics
of enrolled studies were listed in Table 1.
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Quantitative Synthesis Revealing Toxicity
Related Genotype
To demonstrate the association betweenMTX toxicity and various
genotype, ORs and 95% CI from different studies were
incorporated (data were shown in Table 2). Summarily, the
TABLE 1 | Characteristics of all enrolled studies.

Author Year Country Ethnicity Genotyping methods Sample size Investigated SNPs Methotrexate dose NOS score

Windsor (19) 2012 United Kingdom Caucasian Microarray 60 rs1801133, rs1801131 12 g/m2 7
Jabeen (20) 2015 Norway Caucasian MassARRAY 62 rs1801133 12 g/m2 (mean) 8
Park (21) 2016 Korea Asian MassARRAY 37 rs1801133, rs1801131 12 g/m2 7
Lambrecht (22) 2017 Belgium Caucasian PCR 48 rs1801133 12 g/m2 8
Xie (23) 2018 China Asian RT-PCR 59 rs1801133, rs1801131 10-12 g/m2 week twice 8
Xu (24) 2018 China Asian TaqMan SNP Genotyping Assay 109 rs1801133, rs1801131 10 g/m2/d 8
Ren (29) 2011 China Asian RT-PCR 210 rs1801133 200mg/kg 7
Decembe
r 2021 | Volume 11 | Ar
TABLE 2 | Meta-analysis of the MTHFR polymorphisms with MTX-related toxicity.

Comparison Ethnicity N OR Low 95%CI High 95%
CI

P Mode Heterogeneity Sensitive
analysis

Publication bias

c2 P I2 Begg’s Test
p-value

Egger’s
test p-value

Liver toxicity
TT vs CC Caucasian 1 0.81 0.38 1.71 NA NA NA NA NA NA 1.000 0.697

Asian 3 3.15 1.30 7.60 0.011 Fixed 0.61 0.739 0.0% Good
Overall 4 2.04 0.94 4.41 0.218 Fixed 4.55 0.207 34.1% Good

TC vs CC Caucasian 1 0.31 0.10 0.96 NA NA NA NA NA NA 0.734 0.718
Asian 3 1.87 0.90 3.89 0.095 Fixed 3.81 0.149 47.5% Good
Overall 4 1.23 0.36 4.20 0.746 Random 10.64 0.014 71.8% Good

TT vs. TC/
CC

Caucasian 2 1.03 0.40 2.65 0.945 Fixed 0.19 0.663 0.0% Good 1.000 0.856
Asian 3 1.58 0.39 6.45 0.521 Random 6.42 0.04 68.9% Good
Overall 5 1.38 0.78 2.42 0.265 Fixed 7.16 0.128 44.2% Good

TT/TC vs.
CC

Caucasian 1 0.35 0.13 0.97 NA NA NA NA NA NA 0.734 0.836
Asian 3 2.11 1.06 4.21 0.043 Fixed 1.04 0.595 0.0% Good
Overall 4 1.26 0.43 3.67 0.035 Random 9.25 0.024 67.6% Good

T vs C Caucasian 1 0.81 0.38 1.72 NA NA NA NA NA NA 1.000 0.477
Asian 3 1.61 1.07 2.42 0.024 Fixed 1.72 0.424 0.0% Good
Overall 4 1.37 0.96 1.97 0.085 Fixed 4.17 0.244 28.0% Good

Kidney toxicity
TT vs CC Overall 4 3.82 0.57 25.78 0.168 Random 12.66 0.005 76.3% Good 0.734 0.748
TC vs CC Overall 4 2.63 1.31 5.29 0.007 Fixed 5.57 0.125 47.8% Good 0.308 0.340
TT vs. TC/
CC

Overall 3 1.48 0.20 11.18 0.704 Random 12.23 0.002 83.7% Good 1.000 0.659

TT/TC vs.
CC

Overall 4 3.43 0.93 12.66 0.064 Random 9.46 0.024 68.3% Good 0.734 0.465

T vs C Overall 3 1.93 0.43 8.67 0.392 Random 19.87 0.000 89.9% Good 1.000 0.936
Mucositis
TT vs CC Overall 3 4.07 1.76 9.38 0.001 Fixed 0.60 0.739 0.0% Good 0.296 0.063
TC vs CC Overall 3 2.55 1.20 5.42 0.015 Fixed 0.11 0.947 0.0% Good 1.000 0.603
TT vs. TC/
CC

Overall 4 2.09 1.19 3.67 0.010 Fixed 3.33 0.344 9.8% Good 1.000 0.134

TT/TC vs.
CC

Overall 3 2.97 1.48 5.96 0.002 Fixed 0.10 0.953 0.0% Good 1.000 0.385

T vs C Overall 3 2.28 1.49 3.50 0.000 Fixed 1.67 0.434 0.0% Good 1.000 0.173
Anemia
TT vs CC Overall 2 1.08 0.33 3.51 0.092 Fixed 0.94 0.322 0.0% NA NA NA
TC vs CC Overall 2 1.26 0.38 4.13 0.890 Random 2.94 0.087 66.0% NA NA NA
TT vs. TC/
CC

Overall 3 1.25 0.64 2.45 0.521 Fixed 0.21 0.901 0.0% Good 1.000 0.441

TT/TC vs.
CC

Overall 2 1.10 0.39 3.05 0.992 Random 2.48 0.115 59.7% NA NA NA

T vs C Overall 2 1.17 0.63 2.16 0.617 Fixed 1.16 0.282 13.5% NA NA NA
NA, Not available.
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MTX-related high-level liver toxicity (grade 3–4) was significantly
associated with MTHFR rs1801133 polymorphism under allele
contrast (T vs. C: OR=1.61, 95%CI=1.07-2.42, P=0.024),
homozygote comparison (TT vs. CC: OR=2.11, 95%CI=1.06-
4.21, P=0.011), and dominant genetic model (TT/TC vs. CC:
OR=3.15, 95%CI=1.30-7.60, P=0.035) in the Asian population but
not in the overall population (Figure 2). Meanwhile, close
relations between MTX mediated high level mucositis (grade 3–
4) and MTHFR rs1801133 polymorphism were identified in allele
contrast (T vs. C: OR=2.28, 95%CI=1.49-3.50, P<0.001),
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homozygote comparison (TT vs. CC: OR=4.07, 95%CI=1.76-
9.38, P=0.001), heterozygote comparison (TC vs. CC: OR=2.55,
95%CI=1.20-5.42, P=0.015), recessive genetic model (TT vs. TC/
CC: OR=2.09, 95%CI=1.19-3.67, P=0.010), and dominant genetic
model (TT/TC vs. CC: OR=2.97, 95%CI=1.48-5.96, P=0.002)
(Figure 3). Additionally, the presence of the TC genotype
indicated a high risk of kidney toxicity compared to the CC
genotype (TC vs. CC: OR=2.63, 95%CI=1.31-5.29, P=0.007)
(Figure 4). There was no correlation between rs1801133
polymorphism and MTX-related Anemia (Figure 5).
A B
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FIGURE 2 | Forest plots for the association between MTX-induced liver toxicity and MTHFR rs1801133 polymorphism. (A) homozygote comparison TT vs. CC;
(B) heterozygote comparison TC vs. CC; (C) recessive genetic model TT vs. TC/CC; (D) dominant genetic model TT/TC vs. CC; (E) allele contrast T vs. C.
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Heterogeneity Analysis
Significant heterogeneity has been identified in rs1801133
polymorphism and liver toxicity. Considering the potential
sources of heterogeneity including ethnicity, genotyping method,
and sample size, subgroup analysis uncovered that grouping by
ethnicity obviously decreased the initial heterogeneity. Meanwhile,
remarkable heterogeneity existed in rs1801133 polymorphism
and kidney toxicity. Meta-regression was unable to identify the
potential source of heterogeneity among various factors
containing publication year, ethnicity, genotyping method, and
sample size. However, the elimination of one study by Ren et al.
could substantially reduce the heterogeneity.
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Sensitive Analysis
Sensitive analysis was performed by recalculating the pooled ORs
and 95% CI after dislodging each individual study. The removal
of any single study did not affect the quantitative results
significantly (Table 2, Figure 6), suggesting the reliability of
this analysis.

Publication Bias
We used Egger’s test and Begg’s test to identify potential
publication bias among studies. No evidence of publication
bias was found (Table 2). And the Begg’s test funnel plots did
not show obvious asymmetry (Figure 7).
A B

D

E

C

FIGURE 3 | Forest plots for the association between MTX-induced mucositis and MTHFR rs1801133 polymorphism. (A) homozygote comparison TT vs. CC;
(B) heterozygote comparison TC vs. CC; (C) recessive genetic model TT vs. TC/CC; (D) dominant genetic model TT/TC vs. CC; (E) allele contrast T vs. C.
December 2021 | Volume 11 | Article 781386

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. MTHFR Polymorphism and Methotrexate Toxicity
DISCUSSION

Treatment for osteosarcoma has made substantial progress since
the adoption of several effective therapeutic strategies over the
past decades, including but not limited to adjuvant or
neoadjuvant chemotherapy (30). The backbone for treatment
comprises the MTX, cisplatin, doxorubicin, and ifosfamide,
which have shown great efficacy in osteosarcoma management
(31). However, chemotherapy-related toxicities have contributed
to a variety of adverse outcomes, varying highly among patients.
In most cases, patients are stratified largely relying on their
concrete characteristics such as the clinical manifestations,
radiographic features, pathological biopsy, etc. And they are
prescribed with a relatively fixed regimen schedule even in
those with or without metastases at diagnosis (32), leading to
Frontiers in Oncology | www.frontiersin.org 7111
unsatisfied outcome. Fortunately, the biological biomarkers
especially genome feature may conduce to more precise
stratification and therapeutic optimization. Of the current
studies, impact of pharmacogenetics on drug toxicities in
osteosarcoma have been largely focused on (33), which
includes genes related to DNA repair (34), drug metabolism
associated genes (35), and genes involved in drug transport (36).

Although MTX has achieved great clinical success, its
unpredictable toxicities such as liver failure, kidney damage,
mucositis, hematologic toxicity, anemia, cardiotoxicity, and
ototoxicity remain challenging in clinical management,
especially in high-dose usage (9, 33). As aforementioned,
MTHFR participates in MTX metabolism and its single
nucleotide polymorphisms (SNPs) including rs1801133 and
rs1801131 may partially determine drug toxicity. Considering
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FIGURE 4 | Forest plots for the association between MTX-induced Kidney toxicity and MTHFR rs1801133 polymorphism. (A) homozygote comparison TT vs. CC;
(B) heterozygote comparison TC vs. CC; (C) recessive genetic model TT vs. TC/CC; (D) dominant genetic model TT/TC vs. CC; (E) allele contrast T vs. C.
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the contradictory results among different studies and the
insufficient reliability of single study, we have reviewed the
existing studies and conducted a meta-analysis to reduce
random error.

In this meta-analysis, we have interrogated the relationship
between MTHFR rs1801133 polymorphism and MTX-induced
toxicities. The findings suggested that grade 3-4 liver toxicity was
significantly associated with rs1801133 polymorphism under
various contrasts in the Asian population but not in the overall
population, indicating the influence of ethnicity on the toxicity-
polymorphism association. Previous studies have shown the
inconsistences of MTX-related toxicities in populations from
different ethnicities (37). Meanwhile, a significant association
was also noticed between grade 3-4 mucositis and MTHFR
rs1801133 polymorphism. Patients with C to T variants are
Frontiers in Oncology | www.frontiersin.org 8112
more vulnerable to MTX-related mucositis, which was similar
to a previous study (38). Particularly, a retrospective cohort study
in Chinese pediatric patients revealed the close relevance of
MTHFR rs1801133 polymorphism to mucositis (39). In other
conditions such as RA and hematological malignancies, a close
relationship between MTHFR C677T polymorphism and risk of
hepatic or gastrointestinal toxicities has also been demonstrated
(38, 40, 41). Additionally, high-grade (grade 3-4) kidney toxicity
was correlated with the heterozygote comparison (TC vs. CC) of
rs1801133 polymorphism but not in other genotype contrasts.
This result may be unreliable due to the high heterogeneity
among studies. Further, no association was identified between
rs1801133 polymorphism and anemia, which was consistent
with the finding in hematological malignancies by Zhao et
al. (40).
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FIGURE 5 | Forest plots for the association between MTX-induced Anemia and MTHFR rs1801133 polymorphism. (A) homozygote comparison TT vs. CC;
(B) heterozygote comparison TC vs. CC; (C) recessive genetic model TT vs. TC/CC; (D) dominant genetic model TT/TC vs. CC; (E) allele contrast T vs. C.
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High-dose MTX (>1 g/m2) is usually adopted for the
treatment of osteosarcoma. An increase in efficacy is
accompanied by a high risk of MTX-induced toxicity. Despite
the usage of leucovorin rescue to mitigate adverse events, it
remains challenging in overcoming severe toxicities in every
individual. In this setting, upfront knowledge of drug toxicity
based on the patients’ genetic features may pave the way for
individualized management and optimization. Herein, we have
suggested the close association between MTHFR rs1801133
polymorphism and various MTX toxicities, providing a
potential tool to prognosticate the patient’s drug exposure and
sensitivity to toxicities.

Although this meta-analysis has interrogated the significant
relationship between MTHFR polymorphism and MTX-induced
toxicities comprehensively, there are still some limitations. In
the first place, the included studies in this meta-analysis
Frontiers in Oncology | www.frontiersin.org 9113
investigated the Asian and Caucasian population, but lack the
data for other ethnicities such as the African population.
Populations from different ethnicities vary in lifestyle and
genetic background. Thus, the conclusion may be not
representative of all populations. Secondly, only seven studies
were included in this meta-analysis, so the sample size is
relatively small. Further studies on this topic are needed to
enrich the current conclusions, for instance, analysis for
another MTHFR polymorphism, rs1801131. Thirdly,
heterogeneity in the analysis of kidney toxicity and MTHFR
polymorphism was significant. However, the source of
heterogeneity was untrackable because of the limited data.
Fourthly, this meta-analysis was limited by the insufficient
available data, thus factors regarding age, gender, surgery,
radiation, etc. could not be analyzed to reach a more
comprehensive conclusion.
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FIGURE 6 | Sensitivity analysis in various comparisons. (A) TT vs CC in liver toxicity; (B) TC vs CC in liver toxicity; (C) TT vs. TC/CC in liver toxicity; (D) TT/TC vs.
CC in liver toxicity; (E) T vs C in liver toxicity; (F) TT vs CC in kidney toxicity; (G) TC vs CC in kidney toxicity; (H) TT vs. TC/CC in kidney toxicity; (I) TT/TC vs. CC in
kidney toxicity; (J) T vs. C in kidney toxicity; (K) TT vs CC in Mucositis; (L) TC vs CC in Mucositis; (M) TT vs. TC/CC in Mucositis; (N) TT/TC vs. CC in Mucositis;
(O) T vs. C in Mucositis; (P) TT vs. TC/CC in Anemia.
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CONCLUSION

To date, this is the first meta-analysis in regard to the association
between MTHFR polymorphism and MTX-induced toxicities. A
significant relationship between the rs1801133 variant and
MTX-related hepatic toxicity in the Asian population has been
identified. Meanwhile, mucositis was closely correlated with the
rs1801133 polymorphism under various comparisons. In clinical
implementations, genotyping patients according to their
MTHFR polymorphism for tailored treatment largely
contributes to the enhancement of treatment outcomes
in osteosarcoma.
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(O) T vs. C in Mucositis; (P) TT vs. TC/CC in Anemia.
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Introduction: Adverse drug reactions (ADRs) in pediatric cancer patients have not yet
received due attention in the world. Antineoplastic drugs are frequently related to ADRs.
Few studies focus on the ADR and the intervention measures in pediatric cancer patients.

Methods: ADR reports submitted to Henan Adverse Drug Reaction Monitoring Center
from 2016 to 2020 for individuals aged from birth to 17 years (including 17 years) were
included. Data were analyzed with respect to gender, age, disease types, past history of
ADR, occurrence time of ADR, polypharmacy, route of administration, off-label drug use,
name of suspected drugs per ADR report, and severity of ADR reports.

Results: A total of 431 ADR reports related to antineoplastic drugs in pediatric patients
were collected, 31.55% were serious ADRs (SADRs). The median age of patients was six
years (inter quartile range, IQR: 3-11), the age groups with higher reporting rates were
concentrated in 1-3-year-olds (130). Past history of ADR, occurrence time of ADR and
polypharmacy were statistically associated with SADR. Myelosuppression was the most
frequent ADR (15.55%), cytarabine was the most frequent drug (26.22%). The signal
mining method produced 14 signals, three signals were off-label ADRs.

Conclusions: This study described the characteristics of ADRs in pediatric cancer
patients. By conducting signal mining method, three off-label ADRs need further study.
We should pay more attention to these ADRs and develop relative management
strategies. More researches are needed to achieve a better understanding of the
characteristics of ADRs in pediatric cancer patients of China.

Keywords: pharmacovigilance, drug monitoring, adverse drug reaction reporting systems, pediatric,
medical oncology
December 2021 | Volume 11 | Article 8071711117

https://www.frontiersin.org/articles/10.3389/fonc.2021.807171/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.807171/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.807171/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.807171/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.807171/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:fengda@hust.edu.cn
https://doi.org/10.3389/fonc.2021.807171
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.807171
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.807171&domain=pdf&date_stamp=2021-12-20


Jiao et al. Adverse Drug Reactions in Pediatric Cancer Patients
INTRODUCTION

As a leading cause of death, cancer is a growing public health
problem worldwide (1). Approximately 18.1 million new cancer
cases and 9.6 million cancer deaths were recorded in 2018 (2).
Cancers rarely occur before the age of 20 (3). However, more
than 1,000 children are diagnosed with cancer every day globally,
and the disease remains the leading cause of death in children
and adolescents (3). Approximately 84% of childhood cancers
occur in low-income and middle-income countries (4).

As the developing country with the highest population in the
world, China has a tough condition of cancer in childhood and
adolescents (5). A growing body of literature has investigated
childhood and adolescent cancer in China. The first national
childhood cancer profile in China was reported in 2015 (6). It
provided nationwide incidence, mortality, and temporal trends
for childhood cancer from 2003 to 2005. A recent study assessed
the childhood cancer incidence patterns from 2000 to 2015 and
showed that cancer incidence has increased significantly in
children and adolescents in China (5).

Childhood cancer incidence is on the rise worldwide.
Pediatric patients have to face problems due to adverse drug
reactions (ADR), which are harmful or unpleasant reactions
resulting from an intervention related to the use of a medicinal
products (7). A meta-analysis of the incidence of ADRs in
hospitalized patients showed that the overall incidence
of serious ADRs was 6.7%, and fatal ADRs was reported in
0.32% of hospitalized patients (8). A systematic review
showed that the overall incidence of ADRs in hospitalized
children was 9.53%, and severe reactions accounted for 12.29%
of the total. Moreover, 39.3% of the ADRs that caused hospital
admissions were fatal reactions (9). A previous research has
suggested that some subgroups of children and adolescents are
at greater risk of developing ADRs, particularly pediatric cancer
patients (10).

However, few studies focused on the ADR in pediatric cancer
patients. Mascolo (11) analyzed the safety profiles of
antineoplastic drugs in Italy and described the off-label use in
pediatric patients. Amaro-Hosey (12) assessed the incidence and
characteristics of ADRs in a pediatric oncohematological
population in Spain. Research on intervention measures in
pediatric cancer patients still has gaps. Studies about ADRs in
pediatric cancer patients are limited in China.

This study aimed to analyze serious and normal ADR reports
and identify safety signals in children, which improves the safety
profile of pediatric cancer patients in clinical practice.
METHODS

Study Design and Setting
We carried out a cross-sectional study of pediatric cancer
patients with suspected ADRs based on the Henan Provincial
Adverse Drug Reaction Monitoring Center, China. We designed
to analyze different variables in the reports — mainly the
difference between serious ADRs and normal ADRs.
Frontiers in Oncology | www.frontiersin.org 2118
Participants
The following inclusion criteria were used: 1) reported between
2016 and 2020; 2) reports of certain, probable, and possible
relationships of drugs; 3) drugs suspectedly associated with ADR
was antineoplastic drug; 4) age of 0–17.

The exclusion criteria were as follows: 1) reports before 2016
and after 2020; 2) duplicate records; 3) missing critical
information, particularly drug name, and specific records of
ADR; 4) unreasonable records, such as records older than 120
years, record that does not match the age, and negative number
pertaining to the occurrence time of ADRs.

Variables
Gender, age, disease types, past history of ADR, occurrence time
of ADR, polypharmacy, route of administration, off-label drug
use, name of suspected drugs per ADR report, and severity of
ADR reports (serious, normal) were collected. The ADRs and
clinical manifestations were organized according to the Medical
Dictionary for Regulatory Activities (MedDRA) (version 24.0).
ADR reports with antineoplastic drug were identified from the
2nd level of the Anatomical Therapeutic Chemical (ATC)
Classification System (L01-antineoplastic agents). The generic
names of drugs were standardized and coded according to the
catalog of generic names for common prescription drugs.
The catalog was issued by the Ministry of Health of China in
2007. The most common definition for polypharmacy in children
included the use of two or more medications (13). However, the
use of multiple therapeutic classes of medications is likely
warranted in “complex chronic conditions” such as childhood
cancer (14). Thus, our study also adopted the more conservative
definition of polypharmacy (five or more medications). Off-label
drug use was classified into the following categories: defined as the
administration of a prescription drug outside the age range for
which the product was licensed; defined as the prescription of a
drug for therapeutic indications that were not licensed.
The severity of ADR was classified by the reporters and
included in the database. Based on the Reporting and
Monitoring Administration Measure on ADR issued by
the Ministry of health of China (15), the “Serious ADRs”
(SADRs) was defined as and the other cases were regarded as
“Normal ADRs”: 1. results in death; 2. is life-threatening;
3. carcinogenesis, teratogenesis and congenital disabilities;
4. results in persistent or significant disability/incapacity;
5. require inpatient hospitalization or prolongation of existing
hospitalization; 6. leading to other important medical events, such
as the situations listed above may occur without treatment.

Data Sources
We classified and analyzed the Henan Provincial Adverse Drug
Reaction Monitoring Center data from 2016 to 2020. The center
is subordinate to the National Center for ADR Monitoring,
China. These data were reported by Henan medical institutions,
enterprises, and the public. Because the data generated from the
spontaneous report system (SRS), we cannot get ADR incidence
rates as the true extent of drug use was unknown, so all the data in
the study were frequency of reports.
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Study Size
A total of 394,037 initial data were obtained. According to the
inclusion and exclusion criteria, 431 records were retained. To
prevent the repetitive analysis of some reports, we selected one of
the main adverse reactions included.

Statistical Methods
The demographic characteristics, disease types, past history of
ADRs, occurrence time of ADRs, polypharmacy, route of
administration, and off-label drug use in the report were
subjected to descriptive analysis, Fisher exact test and Chi-
square test. All data analyses were performed using SPSS 24.0
(IBM Corp. Armonk, NY). A p-value of less than 0.05 was
considered statistically significant.

The number of ADRs of each drug was sorted for ADR signal
mining, which quantified the qualitative nature of the
relationship between drugs and ADRs. In ADR signal mining,
the reporting odds ratio (ROR), proportional reporting ratio
(PRR), and comprehensive standard method (MHRA) were
adopted as measures of disproportionality, which are generally
used in detecting the imbalance of target events compared with
other events in the database (16, 17). When the target drug event
combination (DEC) frequency was significantly higher than the
background frequency and reached the threshold, a signal was
considered generated. The strength of the association between
drugs and ADRs was expressed as the ROR and PRR with 95%
confidence intervals (CIs). We listed the equations and criteria
for the three algorithms in Table 1.
RESULTS

A total of 15,910 ADR reports related to antineoplastic drugs
were collected in Henan Provincial Adverse Drug Reaction
Monitoring Center from 2016 to 2020, of which 431 (2.71%)
occurred in pediatric patients.

Sample Characteristics
Table 2 shows patient characteristics based on ADR severity.
More ADRs were reported for boys than girls in every age group.
No significant difference in the severity of ADRs was found
Frontiers in Oncology | www.frontiersin.org 3119
between genders. The median age of patients was 6 years (inter
quartile range, IQR: 3–11), and no report about patients younger
than 1 was found. The gender differences in specific age groups
were significant. The age groups with high reporting rates were
concentrated in 1–3 years (130) and 4–6 years (103) (see
Figure 1). Figure 2 describes serious and normal reports in
different age groups and the proportion of serious reports in each
age group. Notably, the proportion of serious reports steadily
increased with age, except in 15–17 year age group.
Approximately 3.94% of patients suffered more than one
disease before the ADRs occurred, and 10.44% had a history of
ADR. Moreover, 29.7% of ADRs occurred 1–3 days after use.
Approximately 79.8% of ADRs were reported within 1 week of
medication, and only 1.62% of ADRs occurred after 1 month.

The Medication Characteristics
Table 3 shows the ADR characteristics according to the severity.
Difference in the proportion of polypharmacy was found (p < 0.001).
Most patients received injection therapy (94.20%). Off-label drug use
was not common in pediatric patients (7.42%).

The ADR Characteristics
Table 4 shows drug characteristics according to the severity of
ADR. The largest share of ADRs were reported for cytarabine
(26.22% of the total reports), followed by asparaginase (12.76%).
Doxorubicin, daunorubicin, and cytarabine had the most
proportions of SADRs. A total of 431 events involved 18
system organ class (SOC) reports, mainly including
gastrointestinal, blood and lymphatic system, and skin and
subcutaneous tissue disorders. The majority of ADRs for each
SOC were normal, except blood and lymphatic system disorders
and cardiac disorders. According to the statistics, 69 ADRs were
identified, which were concentrated in myelosuppression, rash,
and vomiting.

Signal Mining
According to the calculation formulas and thresholds, DEC
signals that did not meet the criteria were excluded. The three
signal mining methods produced a total of 14 signals (see
Table 5). The strength of the correlation between the drug and
ADR increased with the ROR and PRR values.
TABLE 1 | Formulas and criteria for generating signals of ROR, PRR and MHRA.

Method Formula Criteria and threshold

ROR
ROR =

(a=c)
(b=d)

95%Cl = eln ( ROR )±1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1
a+

1
b+

1
c+

1
d

p
a≥3 and lower limit of 95%CI >1

PRR
PRR =

a=(a + b)
c=(c + d)

95%Cl = eln ( PRR )±1:96
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1
a+

1
b+

1
c+

1
d

p
a≥3, PRR≥2 and lower limit of 95%CI >1

MHRA
c2 =

n(jad − bcj − n
2 )

2

(a + b)(a + c)(b + c)(c + d)

a≥3 and c2≥4
Decem
a: number of reports containing both the suspect drug and the suspect ADR;
b: number of reports containing the suspect ADR with other medications (except the drug of a);
c: number of reports containing the suspect drug with other ADRs (except the event of a);
d: number of reports containing other medications and other ADRs.
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DISCUSSION

To the best of our knowledge, our study was the first to examine
the safety profile of antineoplastic drugs in pediatric cancer
patients in China on the basis of the data of Henan Provincial
Adverse Drug Reaction Monitoring Center. Our study showed
that approximately 2.71% (n = 431) of cancer patients’ reports
Frontiers in Oncology | www.frontiersin.org 4120
were related to pediatric cancer patients. This percentage was in
accordance with the result of the study in the Campania, south of
Italy, where 3% of all individual case safety reports were found
(11). Moreover, cancer is a rare disease in children, representing
only 2% of all cancer cases (18).

SADRs seriously threaten the lives and health of patients and
cause waste of medical resources. The China Adverse Drug
Reaction Monitoring System has received 1.676 million ADR
reports in 2020, and SADRs accounted for 10% of these reports
(19). Our study found that the frequency of SADRs in children
(31.55%) was higher than was generally reported in other
pharmacovigilance studies. A retrospective analysis concerning
children in Spanish Pharmacovigilance System observed 1419
ADRs, of which 4.4% were serious (20). Therefore, medical staff
must carry out relevant health education to patients and their
families to increase their knowledge about diseases, drugs,
and ADRs.

Some pediatric studies found that a high proportion of
reports about ADRs in males (21, 22). In our research, nearly
three-fifths of the reports were related to males (n = 267). Due to
the limitation of the database, the total number of patients using
the drugs was unknown. According to the research of cancer
incidence and mortality among children from 2010 to 2014 in
Henan Province, China, the cancer incidence was predominant
in boys, and the sex ratio was 1.19 (23). The difference in cancer
incidence indicates that even if the number of reports differs
between males and females, this does not mean that it is a gender
difference. And no evidence of an association (p = 0.423)
between gender and ADR severity was found. Further
investigations are needed to explain this finding.

In our study, more than 50% of the ADRs were reported in
children aged 1–6, and 30% of children are between 1 and 3.
TABLE 2 | The characteristics of patients aspect by severity of ADR.

Characteristic Serious Normal p valuea

N = 136 (%) N = 295 (%)

Gender
Male 88 (33.0) 179 (67.0) 0.423
Female 48 (29.3) 116 (70.7)

Age group (years)
1-3 31 (23.8) 99 (76.2) 0.060
4-6 30 (29.1) 73 (70.9)
7-11 38 (37.6) 63 (62.4)
12-14 26 (42.6) 35 (57.4)
15-17 11 (30.6) 25 (69.4)

Disease types
Single 127 (31.3) 279 (68.7) 0.622
Multiple 9 (36.0) 16 (64.0)

Past history of ADR
Yes 22 (48.9) 23 (51.1) 0.008
No 114 (29.5) 272 (70.5)

Occurrence time of ADR (days)
On the day 30 (23.4) 98 (76.6) <0.001b

1-3 31 (22.1) 109 (77.9)
4-7 25 (32.9) 51 (67.1)
8-14 42 (63.6) 24 (36.4)
15-30 6 (42.9) 8 (57.1)
Over a month 2 (28.6) 5 (71.4)
December 2021 | Volume 11 | Articl
aChi-squared test; bFisher exact test.
FIGURE 1 | Number of reports in each age group by gender.
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Although the proportion of SADRs increased with age, the
overall number of ADR reports decreased with the age, and
the result was not statistically significant. Because the data is
collected from the spontaneous reporting system, it captures only
a small fraction of the ADR that actually takes place (24). Due to
the lack of consideration for the overall ADR incidence rate in
the general population, the result only inflected the status of
pediatric cancer patients who have been suffered from ADR in
the region, or even more limited. Similar findings were observed
in other studies (22, 25). Some reasons might have contributed to
the high reporting rates in young children. First, immature
tubular function reduces metabolism and liver function in
young children, increasing the possibility of ADRs. Second,
physicians and parents monitored young children closely
because children lack expression ability, and thus ADRs were
immediately found and reported in time. Physicians have to
consider children’s sensitive physical conditions and the
characteristics of chemotherapeutic agents when treating
pediatric cancer patients.
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The results showed that the proportion of pediatric patients
with multiple disease was only 5.80%, identical to the expected
result. Some studies in adults demonstrated that suffering from
multiple diseases is a risk factor for SADRs (26), and might
correlate with the decrease in drug metabolism or the damage to
liver and kidney functions. Interaction among diseases might
result in poor physical, emotional and social functions (27).
However, in our study, children with multiple disease did not
show significant differences in ADR severity.

The statistics showed that the severity of ADR in children
who had ADR histories was significantly higher. Physicians
should pay more attention to patients who have past histories
of ADR and take caution when treating patients who are unsure
about whether or not they have a history of drug allergies. This
finding was also reflected in the reports. In 49.42% of these
reports, physicians abandoned suspected drugs after ADRs
occurred and did not continue using them.

In terms of the occurrence time of ADRs, 32.48% occurred
1–3 days after administration, and approximately 80% were
TABLE 3 | The characteristics of physicians aspect by severity of ADR.

Characteristic Serious Normal p valuea

N = 136 (%) N = 295 (%)

Polypharmacy (≥2 medications)
Polypharmacy 86 (40.4) 127 (59.6) <0.001
Non-polypharmacy 50 (22.9) 168 (77.1)

Polypharmacy (≥5 medications)
Polypharmacy 19 (59.4) 13 (40.6) <0.001
Non-polypharmacy 117 (29.3) 282 (70.7)

Route of administration
Parenteral 130 (32.0) 276 (68.0) 0.656b

Oral 3 (30.0) 7 (70.0)
Others 3 (20.0) 12 (80.0)

Off-label drug use
Yes 8 (25.0) 24 (75.0) 0.407
No 128 (32.1) 271 (67.9)
December 2021 | Volume 11 | Articl
aChi-squared test; bFisher exact test.
FIGURE 2 | Number of reports and the proportion of SADR reports in each age group.
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found within 1 week. Early observation played a crucial role in
pediatric patients. Family members should be reminded to monitor
patients closely and continue to observe them for a week in order
that ADRs can be detected and treated in time. Our results suggest
evidence of an association (p<0.001) between occurrence time and
the severity of an ADR. SADR was more common in chronic ADR
Frontiers in Oncology | www.frontiersin.org 6122
from one week to one month, which means that long-term
monitoring and follow-up of patients were desirable.

Polypharmacy is increasingly common, and a constant flow of
novel therapeutic agents and treatment indications for existing
medications has been observed (28, 29). The number of reported
ADRs is expected to increase (22). Many studies showed the risk
TABLE 5 | Signals of ADRs.

Drug ADR No. ROR 95% CI Lower limit PRR 95% CI Lower limit c2

Vincristine Alopecia 4 63.39 10.64 48.71 10.90 327253.85
Asparaginase Cyanosisa 3 21.64 2.21 20.51 2.22 114461.47
Pegaspargase Itcha 3 17.29 2.79 15.97 2.82 94729.67
Methotrexate Mucositis oral 7 63.50 7.63 54.57 7.69 42646.14
Asparaginase Dyspnea 6 15.22 3.69 13.67 3.73 11950.02
Methotrexate Hepatic failure 4 6.70 1.74 6.24 1.75 11208.07
Pegaspargase Fibrinogen decreased 4 5.85 1.67 5.32 1.69 8295.83
Asparaginase Fibrinogen decreased 8 15.83 4.59 13.67 4.65 5071.55
Cyclophosphamide Reaction gastrointestinal 7 9.08 3.31 7.20 3.41 2756.44
Fludarabine Myelosuppression 3 17.02 1.74 5.00 3.74 1256.66
Cisplatin Vomiting 6 8.31 2.57 4.66 3.00 686.61
Etoposide Rasha 7 3.14 1.22 2.46 1.29 236.91
Pegaspargase Rash 13 4.00 1.91 2.95 2.01 73.08
Asparaginase Rash 18 3.87 2.02 2.93 2.12 25.59
Decem
ber 2021 | Volume 11 | Art
aOff-label ADR.
TABLE 4 | The characteristics of ADRs aspect by the severity.

Characteristic Serious Normal
N = 136 (%) N = 295 (%)

Drugs (top 10)
Cytarabine 48 (42.5) 65 (57.5)
Asparaginase 11 (20.0) 44 (80.0)
Methotrexate 10 (20.4) 39 (79.6)
Pegaspargase 13 (35.1) 24 (64.9)
Cyclophosphamide 9 (30.0) 21 (70.0)
Etoposide 8 (36.4) 14 (63.6)
Vincristine sulfate 3 (17.6) 14 (82.4)
Cisplatin 4 (33.3) 8 (66.7)
Daunorubicin 5 (45.5) 6 (54.5)
Doxorubicin 6 (66.7) 3 (33.3)
System organ class (top 10)
Gastrointestinal disorders 19 (14.6) 111 (85.4)
Blood and lymphatic system disorders 73 (70.9) 30 (29.1)
Skin and subcutaneous tissue disorders 15 (17.6) 70 (82.4)
General disorders and administration site conditions 10 (21.3) 37 (78.7)
Respiratory, thoracic, and mediastinal disorders 5 (41.7) 7 (58.3)
Nervous system disorders 1 (10.0) 9 (90.0)
Hepatobiliary disorders 4 (40.0) 6 (60.0)
Metabolism and nutrition disorders 0 (0) 7 (100)
Cardiac disorders 4 (57.1) 3 (42.9)
Immune system disorders 1 (20.0) 4 (80.0)
ADR (top 10)
Myelosuppression 57 (85.1) 10 (14.9)
Rash 9 (15.0) 51 (85.0)
Vomiting 7 (13.7) 44 (86.3)
Fever 9 (24.3) 28 (75.7)
Nausea 3 (11.5) 23 (88.5)
Gastrointestinal reaction 2 (10.0) 18 (90.0)
Fibrinogen decreased 3 (25.0) 9 (75.0)
Leukocyte count decreased 6 (60.0) 4 (40.0)
Dyspnea 4 (44.4) 5 (55.6)
Hepatic failure 4 (44.4) 5 (55.6)
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of SADR increases with the increase of the number of drugs
(30, 31). Our results demonstrated that under two different
definitions, the analysis showed significant association between
polypharmacy exposure and SADR (p<0.001). Although many
combinations of drugs have been found effective in relevant
studies, formulating reasonable drug treatment strategies are still
needed to minimize the risk of ADRs in children. In order to
minimize the risk of SADRs, physicians should pay particular
attention to children who are prescribed two or more drugs and
closely monitor drug administration and (32).

Nearly all ADRs related to antineoplastic drugs occurred after
injection given that drugs enter directly into the bloodstream and
elicit reactions from the immune system. The safety of pediatric
injection has been a concern. According to the Annual Report for
National ADRMonitoring (2020) released by the China National
Center of ADR Monitoring, more than 70% of ADRs in children
are related to injections. As a special group, children are more
sensitive to drugs and less tolerable because their organ
development is incomplete. Thus, their risk of injection
medication needs to be thoroughly examined.

Many medicines are prescribed to pediatric patients on an
unlicensed or ‘off-label’ basis. Owing to the lack of adequately
tested or authorized drugs, the use of off-label drugs exposes a
child to a high risk of SADRs (33). The availability of medicines
specifically designed for pediatric patients is limited, and less than
15% of currently marketed drugs specifically intended for children
are operated on the basis of clinical trials. This reality is currently
faced by many pediatricians (34). In our study, we found a low
number of ADRs classified as off-label (7.42%). The proportion of
SADR reports related to off-label drug use was low, but the
existing evidence can not prove the reliability of off-label drug
use. Among the off-label reports, most reports explored the use of
vindesine for lymphocytic leukemia. In the literature, data on the
efficacy and safety of vindesine for acute lymphocytic leukemia in
children dated back to the 1980s, and attention should be paid to
its clinical drug resistance (35, 36). The majority of ADRs
observed in off-label cases belonged to gastrointestinal disorders
and were mainly about myelosuppression and gastrointestinal
reactions. In China, no relevant regulations on off-label drug use
have been established. The China Food and Drug Administration
(now called the NMPA) issued The Regulations on Drug Insert
and Label in 2006. However, the regulation does not require
specific information on pediatric populations and has not been
revised (37). Thus, strengthening early assessment and risk
management is imperative and crucial to the improvement of
drug response and reduction of ADRs.

Our study showed that doxorubicin, daunorubicin, and
cytarabine are the specific drugs with the most percentage
reported associated with SADR. The frequency of cytarabine use
was the largest, and the principal ADR was myelosuppression.We
found that main indications for cytarabine as a myelosuppressive
agent were used to treat acute myeloid leukemia. Cutaneous
reactions were reported in the literature, and such events were
found in our study (38). As for doxorubicin and daunorubicin,
myelosuppressive and vomiting were reported (39, 40).
Prevention and self-management education for patients and
Frontiers in Oncology | www.frontiersin.org 7123
their families should be considered when ADRs are explained to
them. This approach enables them to become familiar with the
specific drugs they use.

The distribution of ADRs by system organ class was similar to
the records in Italy (41), but more ADRs affected the blood and
lymphatic system disorders in our study. Among the
gastrointestinal disorders with the highest number of reports,
chemotherapy-induced vomiting, nausea, and gastrointestinal
reactions were the most common ADRs. The possible reason
was that almost all drug regimens increased the risk of
gastrointestinal system disorders, particularly cytarabine (42),
methotrexate (43), and pegaspargase (44). SADRs accounted for
the highest proportions of blood and lymphatic system disorders.
Myelosuppression is the most common ADR and presents the
most SADR reports in the study probably because of the
prevalence of patients diagnosed with hematological tumors
was the highest. Thus, strategies for monitoring, early
detecting, confirming diagnosis, and providing appropriate
supportive care are needed for hematological tumor therapy (45).

In the context of antineoplastic drugs in pediatric cancer
patients, some common ADRs do not generate signals in data
mining. By contrast, the ADRs of some drugs generated signals.
This finding indicated that the ADRs and drugs were related.
Combined with drug instructions, three off-label ADRs were
found, including asparaginase-cyanosis, pegaspargase-itch, and
etoposide-rash.

Cyanosis seemed to be an uncommon ADR of asparaginase.
Few cases were found in related studies. Norman found that 16
cases of asparaginase had two cases of cyanosis and choking
episodes, and these side effects were generally mild (46).
However, the specific mechanism is unclear.

No report of itch caused by pegaspargase was found, but a
study reported a pruritus ADR. One analysis consisted of eight
individuals who had drug-induced liver injuries caused by
asparaginase or pegaspargase, and only one patient mentioned
itch (47). This finding may be attributed to metabolic status
rather than to pharmacologic metabolism.

Many reports of rash when etoposide was used were found,
which supported the results of this study. Mansfield found 65
cases of rash in 394 cases that used atezolizumab and carboplatin
combined with etoposide (48). In-depth research should be
performed to uncover their mechanisms of damage to the skin.
LIMITATIONS

In China, ADR reports were reported by basic units (including
drug manufacturers, pharmacies, and medical institutions) to
provincial ADR monitoring centers. The reports are then
evaluated by provincial and national ADR monitoring centers.
The strict evaluation process ensures the accuracy of ADR reports
but leads to a high rate of under-reporting. In our research, nearly
all reports came from hospitals. A much higher number of ADRs
may have occurred in real life. We encourage consumers and
non-medical personnel to report ADRs to the system for the
assessment of ADRs and reduction of bias.
December 2021 | Volume 11 | Article 807171
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Due to the limitation of the signal mining method and sample
quantity, the results cannot represent the inevitable causal
relationship between drugs and adverse reactions. The causal
relationship, which includes the potential impact of false
positives or negatives, needs further evaluation and
verification. The methods we used — including ROR, PRR and
MHRA — were frequentist statistical approaches, which means
the limits of detecting false-positive signals and low specificity
were unavoidable (49). When the number of reports is small, its
stability will be greatly affected. Thus, signal mining aims to
detect unknown ADR signals and provide more information
and reference.

This study has several limitations. First, this study used the
database of Henan Province, which does not necessarily represent
the actual situation of the whole country. Second, because we
selected one of the main adverse reactions from one report, the
potential relationship between ADR and drugs may not be explored.
More research is needed to confirm the possible potential
relationship. Third, subject to the spontaneous reporting system
and the database, our research has some limitations, such as
underreporting, unstable reporting, not getting incidence rates,
and difficulty determining causality. Further studies using larger
databases are needed to evaluate ADRs in greater detail.
CONCLUSION

The incidence of ADRs in pediatric cancer patients during
therapy was high, with different features involving various
systems organs class. Most ADRs were normal in severity,
while some were serious. These ADRs were mostly acute and
occurred within one week of administration. Age, past history of
ADR, occurrence time of ADR, and polypharmacy may be
relative to the severity of ADRs. Signal mining produced 14
signals. Three of them were off-label ADR. Therefore, the
characteristics of ADRs obtained in this study could
accumulate experience for clinical staff to carry out ADRs
management to ensure the safety of pediatric patients. More
Frontiers in Oncology | www.frontiersin.org 8124
researches are needed to achieve a better understanding of the
characteristics of ADRs in pediatric cancer patients of China.
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48. Mansfield AS, Każarnowicz A, Karaseva N, Sánchez A, De Boer R, Andric Z,
et al. Safety and Patient-Reported Outcomes of Atezolizumab, Carboplatin,
and Etoposide in Extensive-Stage Small-Cell Lung Cancer (IMpower133): A
Randomized Phase I/III Trial. Ann Oncol (2020) 31(2):310–7. doi: 10.1016/
j.annonc.2019.10.021
December 2021 | Volume 11 | Article 807171

https://doi.org/10.1136/bmjopen-2012-000934
https://doi.org/10.3389/fphar.2020.00621
https://doi.org/10.3389/fphar.2021.670945
https://doi.org/10.1371/journal.pone.0208047
https://doi.org/10.3389/fonc.2021.642544
https://www.nmpa.gov.cn/xxgk/fgwj/bmgzh/20110504162501325.html
https://doi.org/10.1002/pds.668
https://doi.org/10.1002/pds.677
https://doi.org/10.1053/j.sempedsurg.2010.03.007
https://www.cdr-adr.org.cn/tzgg_home/202103/t20210326_48414.html
https://www.cdr-adr.org.cn/tzgg_home/202103/t20210326_48414.html
https://doi.org/10.1016/S0895-4356(00)00190-6
https://doi.org/10.1016/S0895-4356(00)00190-6
https://doi.org/10.2147/DHPS.S254644
https://doi.org/10.1371/journal.pone.0089829
https://doi.org/10.1002/cam4.1952
https://doi.org/10.1002/cam4.1952
https://doi.org/10.1046/j.1525-1497.2003.20130.x
https://doi.org/10.1046/j.1525-1497.2003.20130.x
https://doi.org/10.3389/fphar.2020.00964
https://doi.org/10.3389/fphar.2020.00964
https://doi.org/10.1038/s41598-021-99908-3
https://doi.org/10.1038/s41598-021-99908-3
https://doi.org/10.1007/s12032-017-1077-0
https://doi.org/10.4103/0971-6580.94506
https://doi.org/10.2165/00002018-200831090-00007
https://doi.org/10.1007/s00228-011-1183-4
https://doi.org/10.1186/s12885-021-07946-x
https://doi.org/10.1186/s12885-021-07946-x
https://doi.org/10.1111/j.1365-2125.2011.03915.x
https://doi.org/10.1111/j.1365-2125.2011.03915.x
https://doi.org/10.1186/1824-7288-36-4
https://doi.org/10.1002/1097-0142(19810615)47:123.0.CO;2-X
https://doi.org/10.1002/1097-0142(19810615)47:123.0.CO;2-X
https://doi.org/10.1007/BF00257193
https://doi.org/10.1002/ijc.33818
https://doi.org/10.1002/ijc.33818
https://doi.org/10.1046/j.1468-3083.2002.00395.x
https://doi.org/10.2165/00003495-199700544-00003
https://doi.org/10.1093/annonc/mdl017
https://doi.org/10.1186/s40360-018-0207-4
https://doi.org/10.3324/haematol.2018.191841
https://doi.org/10.3324/haematol.2018.191841
https://doi.org/10.1002/art.24643
https://doi.org/10.2147/CMAR.S191929
https://doi.org/10.2165/00002018-200326100-00003
https://doi.org/10.1007/s12072-019-09971-2
https://doi.org/10.1007/s12072-019-09971-2
https://doi.org/10.1016/j.annonc.2019.10.021
https://doi.org/10.1016/j.annonc.2019.10.021
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Jiao et al. Adverse Drug Reactions in Pediatric Cancer Patients
49. Noguchi Y, Tachi T, Teramachi H. Detection Algorithms and Attentive
Points of Safety Signal Using Spontaneous Reporting Systems as a
Clinical Data Source. Brief Bioinform (2021) 22(6):1–14. doi: 10.1093/bib/
bbab347

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
Frontiers in Oncology | www.frontiersin.org 10126
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.

Copyright © 2021 Jiao, Feng, Yan, Zhang, Li, Wang, Wang and Feng. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
December 2021 | Volume 11 | Article 807171

https://doi.org/10.1093/bib/bbab347
https://doi.org/10.1093/bib/bbab347
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Miao Yan,

Central South University, China

Reviewed by:
Hua He,

China Pharmaceutical University,
China

Dominique Leveque,
Hôpital d’Hautepierre, France

Neeltje Steeghs,
The Netherlands Cancer Institute

(NKI), Netherlands

*Correspondence:
Gareth J. Veal

G.J.Veal@ncl.ac.uk

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal
Frontiers in Oncology

Received: 14 November 2021
Accepted: 09 December 2021
Published: 06 January 2022

Citation:
Barnett S, Holden V, Campbell-
Hewson Q and Veal GJ (2022)
Perspectives and Expertise in

Establishing a Therapeutic Drug
Monitoring Programme for

Challenging Childhood
Cancer Patient Populations.

Front. Oncol. 11:815040.
doi: 10.3389/fonc.2021.815040

PERSPECTIVE
published: 06 January 2022

doi: 10.3389/fonc.2021.815040
Perspectives and Expertise in
Establishing a Therapeutic Drug
Monitoring Programme for
Challenging Childhood Cancer
Patient Populations
Shelby Barnett1, Victoria Holden2, Quentin Campbell-Hewson3 and Gareth J. Veal1*

1 Newcastle University Centre for Cancer, Newcastle University, Newcastle upon Tyne, United Kingdom, 2 Leeds General
Infirmary, Leeds, United Kingdom, 3 Great North Children’s Hospital, Newcastle upon Tyne, United Kingdom

The utility of Therapeutic Drug Monitoring (TDM) in the setting of childhood cancer is a
largely underused tool, despite the common use of cytotoxic chemotherapeutics. While it
is encouraging that modern advances in chemotherapy have transformed outcomes for
children diagnosed with cancer, this has come at the cost of an elevated risk of life-
changing long-term morbidity and late effects. This concern can limit the intensity at which
these drugs are used. Widely used chemotherapeutics exhibit marked inter-patient
variability in drug exposures following standard dosing, with fine margins between
exposures resulting in toxicity and those resulting in potentially suboptimal efficacy,
thereby fulfilling criteria widely accepted as fundamental for TDM approaches. Over the
past decade in the UK, the paediatric oncology community has increasingly embraced the
potential benefits of utilising TDM for particularly challenging patient groups, including
infants, anephric patients and those receiving high dose chemotherapy. This has been
driven by a desire from paediatric oncologists to have access to clinical pharmacology
information to support dosing decisions being made. This provides the potential to modify
doses between treatment cycles based on a comprehensive set of clinical information,
with individual patient drug exposures being used alongside clinical response and
tolerability data to inform dosing for subsequent cycles. The current article provides an
overview of recent experiences of conducting TDM in a childhood cancer setting, from
the perspectives of the clinicians, scientists and pharmacists implementing TDM-based
dosing recommendations. The ongoing programme of work has facilitated investigations
into the validity of current approaches to dosing for some of the most challenging
childhood cancer patient groups, with TDM approaches now being expanded from
well-established cytotoxic drugs through to newer targeted treatments.
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INTRODUCTION

Every year in the UK, there are approximately 1,800 children
diagnosed with cancer, with incidence rates highest in children
less than 5 years of age (1). Only a small proportion of the most
common childhood cancers are curable with local therapy and
prior to the widespread adoption of systemic cytotoxic
chemotherapy, cure was rare. The use of increasingly complex
chemotherapy regimes has been transformative for children and
young people affected by malignancy, with 5 year survival rates
for children with cancer in the UK rising from 44% between
1973-77 to 84% between 2011-15 (2). Increased survival has been
strongly associated with increased intensity of cytotoxic therapy,
an approach clearly demonstrated for cancers such as
neuroblastoma (3) and Ewing sarcoma (4).

While it is encouraging that modern advances in cancer
treatment now mean that over 70% of childhood cancer
patients will survive for twenty years or more following
diagnosis, this comes at the cost of an elevated risk of life-
changing long-term morbidity and late effects (5, 6). With an
estimated 40,000+ childhood cancer survivors now living in the
UK, this is clearly a major issue, both in terms of the quality of
life experienced by those affected, as well as the financial impact
on both the individual and the NHS (7, 8). On the other hand,
undertreatment to avoid toxicity risks compromising survival.

The vast majority of childhood cancer patients are treated
with non-selective cytotoxic anticancer drugs, with significant
potential to damage host tissue at doses used to achieve anti-
tumour activity. Widely used drugs which are effective against a
wide range of childhood cancers include carboplatin and
cisplatin, cyclophosphamide, vincristine, doxorubicin and
etoposide, and have been a mainstay of treatment for several
decades. However, these drugs are associated with a plethora of
toxicities and late effects including organ dysfunction, hearing
loss, infertility, secondary malignancies and cognitive problems
(9–13). As drug toxicity is dependent on immediate and
cumulative dose for the majority of chemotherapeutic drugs,
drug exposure is clearly an important factor.

The utility of therapeutic drug monitoring (TDM) is widely
used across a range of disease specialties and drug classes,
including antibiotics, antipsychotics, anticonvulsants and
immunosuppressants (14). However, it has remained an
underused tool in an oncology setting, despite a number of
published studies highlighting its potential clinical benefit (15–
18). More recently, studies supportive of TDM approaches for
newer targeted anticancer drugs have been published (19–22).
The understated use of TDM for well established cytotoxic drugs
is particularly surprising, when we consider that these drugs
commonly exhibit the characteristics widely accepted as
fundamentals for utilising TDM approaches. These include
marked inter-patient variability in drug exposures following
standard dosing, the existence of a narrow therapeutic window,
with fine margins between exposures resulting in toxicity and
those resulting in potentially suboptimal efficacy, and evidence
for relationships between drug exposure and clinical endpoints
(23). A recent review on the use of TDM for the widely used
anticancer drug carboplatin, provides a good level of detail on
Frontiers in Oncology | www.frontiersin.org 2128
this how this drug meets the characteristics commonly associated
with TDM (18).

While there are certainly challenges in implementing TDM in
an oncology setting, including the use of traditional dosing
regimens and common use of drug combinations, as
highlighted in some excellent reviews on the subject (24–26),
these hurdles are certainly not unsurmountable if the problem is
approached in the right way. Indeed, TDM approaches have been
shown to be beneficial and are commonly used for the anticancer
drugs methotrexate and busulfan across a range of cancer types.
Over the past decade in the UK, the paediatric oncology
community has increasingly embraced the potential benefits of
utilising TDM approaches for particularly challenging patient
groups, including neonates and infants, anephric patients and
those receiving high dose chemotherapy regimens. This has very
much been led by a desire from paediatric oncologists to have
access to clinical pharmacology information as an additional tool
when making difficult dosing decisions. This approach means
that a clinician can modify doses between cycles of treatment
based on a more comprehensive set of clinical information, with
individual patient drug exposure following the initial drug dose
being used alongside clinical response and tolerability data to
inform dosing for subsequent cycles. The current article looks at
the recent experiences of conducting TDM in a childhood cancer
setting from the perspectives of the clinicians requesting the use
of TDM for their patients, the scientists carrying out sample
clinical sample analysis, and the pharmacists implementing
TDM-based dosing recommendations.
VIEW FROM THE
PAEDIATRIC ONCOLOGIST

Delivery of the optimum dose of chemotherapy is crucial if we
are to achieve the best survival outcome at the least toxic cost to
our patients. Drug exposure is known to be closely related to a
range of factors including body mass and composition and drug
elimination and detoxification, usually by the renal or hepatic
systems (27, 28). Standard dosing of treatment may be assumed
for children who lie within the normal range of these parameters,
but a meaningful proportion of children lie outside them (29,
30). For patient size, most concern has been with small or very
young children and infants, who it has been feared might be
overdosed with standard dosing regimens. However, larger
children or those with disproportionate body fat may be as
problematic, particularly where chemotherapy dosing is capped.
Children with immature and developing liver and kidney
function, as well as those with diminished function following
disease, physical injury or drug toxicity, might be overexposed to
drugs. For the large part, the availability of dosing guidelines that
we can have confidence in has been unachievable in these patient
groups, partly due to the relatively small numbers of cases that
we are presented with.

Concerns about body size have led to reticence and anxiety
surrounding the use of these highly effective chemotherapy drugs
and also guidelines on “safe” dosing. These typically set a cut-off
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weight and commonly adopt a weight-based dose calculation, as
opposed to the standard surface area-based dosing approach
usually employed. Weight-based dosing typically yields a lower
drug exposure than dosing based on surface area, although the
implication is that it is equivalent. In the previous European
Paediatric Soft Tissue Sarcoma RMS 2005 Rhabdomyosarcoma
study, a child of 10 kg would receive 30-40% less vincristine,
ifosfamide, actinomycin and doxorubicin, when calculated by
weight as opposed to surface area (31). Similarly, for the previous
SIOPEN High Risk Neuroblastoma protocol, a child of 12kg
similarly would receive 30-40% lower doses of carboplatin,
vincristine, etoposide, cisplatin and cyclophosphamide (32).
Unless these dose reductions are justified by a difference in the
handling of these drugs in smaller children, then these patients
may be receiving a substantial under-treatment, which may have
fatal consequences. In this respect, a review looking at currently
available evidence for dosing guidance of a wide range of
anticancer drugs used in infants and neonates has recently
been published and provides a valuable tool (33).

Altered drug elimination by temporary or permanent renal or
liver dysfunction appears even more unpredictable than size.
Most drugs are cleared by more than one mechanism, making it
very challenging to establish reliable guidelines. In this scenario,
current guidelines are even more crude than size guidance, with
dosing being reduced by 50% or even involving the omission of
drugs altogether (34). In children out-with the usual norms of
size and excretion, the clinician faces the anxiety provoking
choice of accepting the recommended dose reductions or
administering doses with the potential to achieve maximum
efficacy. In the latter case, this would be undertaken in the
knowledge that severe toxicity would leave them open to the
charge of negligently overdosing, with a lack of guideline or
evidence support for the decisions taken.

In our experience, utilising a TDM approach in these
challenging patient groups provides evidence to support the
administration of chemotherapy dosing regimens most likely
to achieve the best outcomes. In children who would have what
amount to dose reductions due to their size, it has allowed us to
tailor doses to the actual patient. This has almost always resulted
in dosing regimens more equivalent to those used to dose older
children, thus calling into question the widely used lower weight-
based dosing guidelines. In most cases TDM enables us to give
higher doses of treatment, with the expectation of better response
rates and survival. The ability to therapeutically monitor
repeated cycles of a wide range of drugs has repeatedly allowed
us to adapt treatment for very young infants as they progress
through organ maturation, without compromising treatment.
VIEW FROM THE SCIENTIST

A formal clinical trial to allow the collection and analysis of
patient information alongside the quantification of drug levels in
defined groups of childhood cancer patients was initiated in 2019
(ISRCTN 10139334). This study was established due to an
increasing number of clinical requests to monitor hard-to-treat
Frontiers in Oncology | www.frontiersin.org 3129
childhood cancer patients, where drug exposure may be altered
relative to older children. This formal clinical study has allowed
us to collect patient clinical information relating to toxicity/
efficacy alongside pharmacokinetic data, in order to better assess
dosing regimens and understand relationships between drug
exposure and clinical outcome in these challenging groups.
The study opened for recruitment in April 2019, since then
over 150 patients (average 5 patients per month) have been
recruited from 16 primary treatment centres across the UK.
Focusing on the first 150 patients recruited between April 2019
and October 2021 (Figure 1), a range of tumour types, hard-to-
treat groups and chemotherapy regimens have been enrolled
onto the study. The highest recruiting tumour types are
neuroblastoma and retinoblastoma (Figure 1A), likely due to
the established practice of carboplatin TDM (Figure 1B) (18).
Additional tumour types in the ‘other’ grouping in this figure
include infantile myofibromatosis, ependymoma, kidney
tumours, Inflammatory myofibroblastic tumour and metastatic
yolk sac tumour. Carboplatin is the drug most commonly
analysed, with TDM carried out for over 60% of patients
recruited onto the study, followed by vincristine (35%) and
etoposide (28%), as these three drugs are commonly given in
combination. Neonates and infants represent the highest
recruiting group of the study to date, accounting for nearly
two thirds of patients (Figure 1C). The second highest recruiting
group included patients where there were concerns regarding
poor tolerability to initial dosing regimens (11%). For these
‘toxicity’ patients, TDM is used to determine if the standard
dose is contributing to excessive exposure and subsequent
toxicities. Alternatively, TDM can be used to determine if
suitable exposures are being achieved in patients who have
experienced excessive toxicity and are receiving dosage
reductions. The remaining hard-to-treat groups (high dose
chemotherapy, obesity, renal impairment and other) had an
equal spread of numbers between them, accounting for 4-9%
of the patients for each group (Figure 1C). Patients recruited
under the ‘other’ category included patients with low body
weight for age, rare genetic conditions and hepatic dysfunction.
It is important to note that patients may fall within multiple
hard-to-treat groups, but are represented here as their
primary group.

As patients often receive multiple chemotherapeutic agents as
part of their treatment, in many cases TDM was conducted for
more than one drug per patient (Figure 1E). From a laboratory
perspective co-ordination of patient sample analysis on such a
large scale can be challenging (Figure 2). Of the 150 patients on
the study 40% received TDM on more than one occasion
(Figure 1E), with two patients being monitored on as many as
eight TDM cycles. Whilst challenging however, this can provide
valuable information on intra-patient variability for a particular
drug, which can be a key factor influencing the likely success of the
TDM approach to treatment. In addition, just under half (47%) of
the patients on the study were monitored for more than one drug
(Figure 1D). Carboplatin is the only drug where TDM is
conducted in real time, i.e. samples are received, analysed and
the results reported on day 2 of treatment in order to adjust the
January 2022 | Volume 11 | Article 815040
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dose on day 3 (18). For the remaining drugs (Figure 1B), the
results are reported ahead of the next cycle of chemotherapy, in
order to make informed dose adjustments as required. This is
partly a result of the more complex sample extraction and analysis
used for these drugs compared to platinum containing agents
(Figure 2). Furthermore, if more than one chemotherapeutic
agent is being monitored then a separate assay has to be
conducted for each drug of interest. Consequently, it may take
several days to complete the analysis for a single patient. This is
something that ideally will be simplified in the future, with the
development of validated multi-drug assays to quantifying levels
of several anticancer drugs simultaneously. Co-ordination of
patient sample shipment, analysis and results, has been an
important aspect of this complex multi-centre TDM study, to
ensure that results are reported in a timely manner for all patients.
This can require batching patient samples to reduce the number of
assays and prioritising experiments based on when patient results
are needed for clinical care.
VIEW FROM THE PHARMACIST

A significant challenge for a children’s cancer pharmacist when
prescribing or verifying chemotherapy prescriptions, is the
choice of chemotherapy doses in certain patient groups. These
include infants, pre-term babies and children at extremes of body
mass index (BMI) for age, as well as children with renal or
hepatic impairment. In addition, the pharmacist is often asked
Frontiers in Oncology | www.frontiersin.org 4130
for advice on chemotherapy dosing for children who have
developed toxicity following previous courses of treatment.

The challenge of dosing in infants is compounded by a lack of
consistent guidance in national and international treatment
guidelines and clinical trials, with artificial cut-off points for
mg/kg dosing in infants leading to sometimes large discrepancies
in dose as compared to patients receiving mg/m2 dosing.
Similarly, despite recent ASCO guidance in adults advising
that dosing in obesity should be based on actual body
weight (35), there is no national position statement or
standard advice for dosing chemotherapy in obesity in
children. In a paediatric setting, decisions on dose capping are
often decided on an individual patient basis considering the
patient’s BMI, renal and hepatic function, the drug’s toxicity
profile and most importantly the clinician and pharmacist’s
previous experiences with the drug in a similar patient group.
Choice of dose in children with renal and liver impairment can
be difficult due to varying or lack of advice in treatment
guidelines, and minimal or cautious advice from the drug
companies. There is also a lack of consistent dose modification
guidance in protocols for patients who have experienced adverse
effects on previous courses of treatment. The pharmacist is left
juggling a delicate balance between desired therapeutic outcome
and acceptable toxicity in such patients.

Carboplatin represents the drug most commonly
administered using a TDM approach in childhood cancer in
the UK, ensuring safe dosing in infants, children with renal
impairment and patients receiving high dose chemotherapy
A B

C D E

FIGURE 1 | Summary of patient recruitment for the first 150 patient recruited on to the NCCPG TDM 2018 study. (A) Breakdown of tumour types and number
of patients (cut off level for each tumour type of 3 patients). (B) Number of patients receiving each chemotherapeutic agent of interest. (C) Patient recruitment by
hard-to-treat group. (D) The number of drugs monitored for each patient. (E) Number of cycles of chemotherapy monitored using TDM for each patient.
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prior to stem cell rescue. This is based on evidence from studies
showing clear relationships between carboplatin drug exposure
(AUC) and clinical outcome (18). The carboplatin dose is usually
fractionated over 3 days and the AUC from day one used to
advice the dose on day 3 (18). Whilst this is invaluable in terms of
delivering an accurate dose of carboplatin, it can provide
practical challenges for the children’s cancer pharmacist, as the
carboplatin dose needs to be amended on the electronic
prescribing system. Instead of prescribing the full carboplatin
dose on day 1, the prescription is amended so that a third of the
proposed dose is prescribed on each the first two days of
treatment and then the third day left blank until the AUC
results are known. The pharmacist liaises with both pharmacy
aseptics and the research nurse team, to ensure the drug is
available to start treatment early in the morning, and the research
team have the staff resource to take the appropriately timed
blood samples and to arrange transport of the samples for
analysis. Once information on drug exposure is available, in
terms of the observed AUC on day 1, the pharmacist and
clinician review the data together, to agree a dose to prescribe
for the third treatment day. The original prescription is then
amended and a new dose prepared, often at short notice, by the
Frontiers in Oncology | www.frontiersin.org 5131
aseptics unit. Whilst this is achievable for hospitals with an onsite
aseptics unit, such an approach may not be possible for centres
that outsource their chemotherapy. Experience has shown that
communication and team working with other members of the
multi-disciplinary team (MDT) is key to the successful delivery
of real time TDM.

Based on positive experiences with carboplatin dosing,
expansion of TDM approaches to a wide range of commonly
used drugs now provides invaluable information to aid
pharmacists with chemotherapy dosing decisions on a regular
basis. It is reassuring to know that chemotherapy drug levels can
be determined in individual patients, and the results provided
can help guide dosing for subsequent courses of treatment.
Suitable patients for TDM are identified by the pharmacists or
clinicians at MDT meetings. After analysis of TDM samples, the
pharmacist is provided with information that shows the drug
level achieved, as compared to the usual therapeutic range. The
results are used to determine if the dosage can remain the same
or should be reduced or increased for the next chemotherapy
cycle. As well as recommending TDM for the previously
highlighted patient groups, the pharmacist may recommend
TDM when a child has had significant adverse effects with a
FIGURE 2 | Schematic diagram of the sample analysis processes for patients utilising a Therapeutic Drug monitoring (TDM) approach to treatment.
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drug. Establishing whether or not toxicity is potentially related to
excessive drug levels can help guide future patient management.
For example, if vincristine dose is reduced by 50% due to drug-
induced neuropathy, it is important to know that a potentially
efficacious drug exposure is still being achieved at the reduced
dose level, allowing this dose to be maintained for the remainder
of treatment to minimise further neurological toxicity.
DISCUSSION

The successful utility of TDM dosing for patients treated across
UK paediatric oncology primary treatment centres requires a
collective commitment and effective teamwork between the
scientists, research nurses, clinicians and pharmacists involved.
The ongoing programme of work has facilitated investigations
into the validity of current approaches to dosing for some of the
most challenging childhood cancer patient groups. As an
example of the impact of the information being generated
from this study, we recently reported on current approaches to
vincristine dosing in infants and neonates relative to older
children (36). The results showed the feasibility of utilising a
TDM treatment approach in this patient group and importantly,
highlighted that infants receiving vincristine doses <0.05mg/kg
were achieving significantly lower exposures compared to those
dosed at ≥0.05mg/kg, and older children dosed at 1.5 mg/m2.
Furthermore, infants with lower exposures tolerated dose
Frontiers in Oncology | www.frontiersin.org 6132
increases well, suggesting that infants should not be initiating
treatment with some of the lower mg/kg dosing regimens
currently being used. It is hoped that similar analyses will be
feasible for additional drugs being monitored on the study,
leading to the generation of further data to support future
dosing in these challenging patient populations. This approach
to treatment is now being expanded from well established
cytotoxic drugs through to newer targeted treatments, as they
become increasingly utilised in a childhood cancer setting.
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The cardiotoxicity of anti-cancer drugs presents as a challenge to both clinicians and
patients. Significant advances in cancer treatments have improved patient survival rates,
but have also led to the chronic effects of anti-cancer therapies becoming more
prominent. Additionally, it is difficult to clinically predict the occurrence of cardiovascular
toxicities given that they can be transient or irreversible, with large between-subject
variabilities. Further, cardiotoxicities present a range of different symptoms and
pathophysiological mechanisms. These notwithstanding, mechanistic pharmacokinetic
(PK) and pharmacodynamic (PD) modeling offers an important approach to predict
cardiotoxicities and offering precise cardio-oncological care. Efforts have been made to
integrate the structures of physiological and pharmacological networks into PK-PD
modeling to the end of predicting cardiotoxicities based on clinical evaluation as well as
individual variabilities, such as protein expression, and physiological changes under
different disease states. Thus, this review aims to report recent progress in the use of
PK-PD modeling to predict cardiovascular toxicities, as well as its application in anti-
cancer therapies.

Keywords: cardiotoxicity, cardio-oncology, pharmacokinetic and pharmacodynamic modeling, mechanistic
modeling, toxicity, anti-cancer drugs
INTRODUCTION

Advances in cancer treatment have dramatically improved patient survival rates. At the same time,
however, the issueofpreventing andmanaging treatment-associated chronic adverse eventshas become
increasingly important. Cardiovascular complications have been identified as one of the leading causes
ofmortality in cancer survivors, regardless of the cancer type (1, 2). This has led to the development of a
novel field, cardio-oncology, which focuses on reducing or managing the cardiotoxicity of anti-cancer
agents, while maximizing therapeutic effects and managing patients with cancer having cardiovascular
comorbidities. Further, cardio-oncology is increasingly becoming part of the standardized care for
patients with cancer (3), and cardiovascular complications associated with cancer therapies, including
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https://www.frontiersin.org/articles/10.3389/fonc.2021.814699/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.814699/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.814699/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.814699/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.814699/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:jiaozhen@online.sh.cn
https://doi.org/10.3389/fonc.2021.814699
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.814699
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.814699&domain=pdf&date_stamp=2022-01-10


Wen et al. Mechanistic PK/PD Modeling in Cardio-Oncology
arrhythmia, hypertension, and heart failure, have been observed in
clinical practice. Furthermore, the mechanisms behind these
clinical symptoms can be categorized into: (1) drug-induced
electrocardiograph changes; (2) drug-induced hemodynamic
changes; and (3) drug-induced changes in molecular signaling
pathways (4).

Pharmacokinetic and pharmacodynamic (PK-PD) modeling
is an approach by which concentration-driven drug effects can be
quantitatively predicted. Traditionally, in PK models, multiple
compartments are applied to describe the kinetic behaviors of
therapeutic drugs, with the different compartments representing
various organs or tissue levels, within which the action of the
relevant drugs is kinetically consistent. Additionally, in classical
PD models, empirical mathematical models are used to describe
drug effects. Therefore, by offering the possibility to gain a deeper
understanding regarding basic pharmacology and with the
development of computational capacities, mechanistic PK-PD
modeling can be used for the integration of physiological and
pharmacological mechanisms (5).

Further, mechanistic PK-PDmodeling is an emerging field, the
definition of which is constantly evolving (6). Specifically, basic
mechanism-based PK-PD modeling often incorporates one or
more critical drug action steps, such as receptor binding or cell
turnover, to capture major rate-limiting steps in drug dispositions
and explain between-subject variabilities (7). Furthermore, systems
pharmacology modeling provides a comprehensive modeling
approach that has as objective to integrate the structures of
physiological and pharmacological networks through PK-PD
modeling (8, 9). On the one hand, the physiological-based
pharmacokinetic (PBPK) modeling framework enables the
mechanistic description of drug absorption, distribution,
metabolism, and excretion processes at the physiological level.
Thus, these mechanistic descriptions can be extrapolated to
different populations and disease states if the associated
physiological changes can be elucidated (10). On the other hand,
with the development of high-throughput analytical methods,
bioinformatics, and system biology, quantitative systems
pharmacology (QSP) aims to quantitatively describe the
behaviors of biological systems, and explain between-subject
variabilities at genetic, protein, cellular, and whole-body levels (9).

To date, mechanistic PK-PD modeling has been extensively
applied to quantify the cardiovascular toxicities of therapeutic
drugs and predict the toxicities of anti-cancer drugs. In a few
studies, mechanistic models have been established to describe the
cardiotoxicities of anti-cancer drugs. Therefore, in this work, our aim
was to reviewthe roleofmechanisticPK-PDmodelingwith respect to
cardiovascular safety and its application in cardio-oncology.
MODELING OF CHANGES IN
ELECTROCARDIOGRAPH

Mechanisms of Drug-Induced Changes in
Electrocardiographs
Several patients with cancer experience arrhythmias that are
associated with anti-cancer therapies or cancers (11). Further,
Frontiers in Oncology | www.frontiersin.org 2135
drug-induced arrhythmias can lead to life-threatening adverse
events or sudden death, and clinically, this is frequently
evidenced by changes in the electrocardiographs of patients
(12). Among the various forms of arrhythmias, torsades de
pointes (TdP) are the most dangerous. Specifically, TdP,
meaning “twist of the points”, is a polymorphic ventricular
tachycardia (VT) that is potentially fatal, and given that its
occurrence is associated with QT interval prolongation, QT
intervals are widely recognized as a proxy for TdP, as well as
an index of cardiovascular safety (13). Thus, the quantitative
modeling of QT intervals is the most popular strategy by which
the proarrhythmic properties of a given drug can be clarified.
Basic Mechanism-Based Modeling of
Electrocardiograph Changes
The drug concentration-driven prolongation of QT intervals can
be quantitatively predicted using PK-PD modeling. Additionally,
the response of the QT interval to anti-cancer drugs has been
successfully described empirically for several drugs, including
dofetilide, azithromycin, and moxifloxacin, using (log-) linear
models as well as simple and sigmoid Emax models (4). As the QT
interval is strongly dependent on factors, such as heart rate and
circadian rhythm, several attempts have been made to model it
by correcting for these factors. For example, Chain et al.
established a PD model to describe the corrected QT interval
as a function of both physiological conditions and drug effects
(14), as expressed below.

QTC = QT0 � RRa + A� cos
2p
24

t − fð Þ
� �

+ Slope� C

where QT0 represents the baseline for the QT-RR relationship,
RR represents the interval between the R waves on the
electrocardiogram, a represents an individual correction factor,
the cosine function describes the circadian rhythm of the heart in
different phases, and C represents drug concentration. In this
case, the drug effect was modeled linearly.

Additionally, the QT interval is a sensitive but non-specific
index of cardiac safety. In fact, several drugs share the same QT
interval prolongation effect, but have different proarrhythmic
properties (15). Thus, another biomarker of drug-induced
arrhythmic risk, the human Ether-à-go-go-related Gene
(hERG) channel block (16), has been identified. Arrhythmic
risk is presumed to be dependent on the affinity of the drug in
question to the different ion channels that control the action
potential (AP) duration of the heart. Therefore, the half-maximal
inhibitory concentration (hERG IC50) value of a compound,
which is defined as the concentration of a given drug that will
decrease the current flow through the hERG channel by 50%, can
be used to indicate the potency of a given drug to induce TdP.
With the aid of mathematical cardiac electrophysiology models,
drug-ion channel interactions have been mechanistically
modeled to predict the effects of drugs on AP duration. For
example, Mirams et al. (17) predicted the TdP risks associated
with various drugs using their reported hERG IC50 values.
Specifically, the conductance of a given channel, j (gj), as a
January 2022 | Volume 11 | Article 814699
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function of the drug amount (D) and the IC50 value can be
modeled as follows:

gj = gcontrol,j 1 +
Dð Þ

IC50ð Þj
� �n� �−1

where gcontrol, j represents the baseline maximal conductance of
channel j. Additionally, the conductance of the channel can then
be linked to channel currents and membrane voltages to predict
changes in AP duration. In this regard, the application of cardiac
electrophysiology models has enabled the classification of
compounds as high-, intermediate-, and low-risk compounds
with respect to the occurrence of TdP.
Systems Pharmacology Modeling of
Electrocardiograph Changes
Recent studies have shown that cardiac electrophysiology models
fail to capture the binding dynamics in drug-channel
interactions. Thus, they cannot be used to distinguish between
drugs with different binding rates to ion channels. In this regard,
to further improve the prediction of drug-induced arrhythmic
risks, Li et al. (18) proposed a novel hERG model that integrates
cardiac electrophysiology and multi-ion channel pharmacology,
as illustrated in Figure 1.

By applying a PD model with three drug-bound states, the
model proposed by Li et al. can be used to distinguish the
proarrhythmic risks associated with trapped compounds from
those associated with their untrapped counterparts, as the former
often have higher proarrhythmic risks for the same hERG IC50

value. The left-hand side of Figure 1 shows the physiological part
of the model, which describes the closing (C), inactivated closing
(IC), and opening (O) states of ion channels. Conversely, the
pharmacodynamic part (right-hand side) assumes three drug-
bound states: open bound (O*), inactivated open bound (IO*),
and closed bound (C*). This implies that the drug in question
can be trapped in the C* state, implying that this proposed model
Frontiers in Oncology | www.frontiersin.org 3136
can be used to successfully predict the TdP risk levels of all
training compounds (n = 12).

Even though system pharmacology modeling can be used to
describe the binding dynamics of drugs, parameters such as Emax

and IC50 can only be estimated based on preclinical studies.
Thus, the model needs measurable patient parameters patients
such as the QT interval before its use can be extended to
clinical practice.
MODELING OF HEMODYNAMIC CHANGES

Mechanisms of Drug-Induced
Hemodynamic Changes
Blood pressure (BP) elevations and heart failure, which are
common cardiovascular side effects of anti-cancer drugs, are often
associated with hemodynamic changes. Specifical ly ,
hemodynamics is the study of blood flow dynamics, which are
governed by BP and vascular resistance in different parts of the
system, aswell as by the contractability of the heart. Unlike TdP, BP
elevations are not typically life-threatening, thus they have received
less attention from pharmacometricians. Conversely, the
occurrence of heart failure, which involves both hemodynamic
and pathological changes, can be chronic and acute. Additionally,
heart failure could also be the consequence of the direct cardio-
toxicity of anticancer drugs, such as trastuzumab and
anthracyclines (19, 20). Therefore, the modeling of heart failure is
complicated and specific to a certain class of drugs.
Basic Mechanism-Based Modeling of
Hemodynamic Changes
Empirical PD models are frequently used to describe drug-
induced BP elevations. For example, a linear function with a
cyclical diurnal variation of mean aortic BP (MBP) has been
applied in a PD model of regorafenib (21).
FIGURE 1 | Illustrative structure of a dynamic hERG-binding model. The left part corresponds to the physiological component of the model, where C1 and C2
represent the closed states of the channel and O represents the open state, with the corresponding inactivated states indicated as IC1, IC2, and IO, respectively.
The right part represents the pharmacodynamic component, which assumes three drug-bound states: open bound (O*), inactivated open bound (IO*), and closed
bound (C*). The drug can be trapped in the C* state.
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BP = E0 + slope� C

E0 = EBL + Amp� cos 2p t−Tshiftð Þ
Freq

� �

where E0 represents baseline BP, which is influenced by the
circadian rhythm. Further, C represents drug concentration,
which is linked to response via a linear function.

Van Hasselt et al. (22) developed a population PK-PD model
corresponding to the relationship between the left ventricular
ejection fraction (LVEF) and trastuzumab exposure. They also
identified the associated clinically relevant covariates (Figure 2),
and observed that the LVEF values could be best described using
an effect-compartment model. Additionally, the population’s
LVEF recovery half-life after trastuzumab treatment (T1/2rec)
was estimated to be 49.7 d, and the cumulative anthracycline
dose was found to be a significant determinant of the half-
maximal effect concentration (EC50). Further, they also observed
that anthracycline caused a 45.9% increase in sensitivity (i.e., a
decrease in EC50) at its maximum cumulative dose.

Systems Pharmacology Modeling of
Hemodynamic Changes
Traditionally, hemodynamic parameters, such as BP or heart rate
(HR), are often quantified independently, without considering the
inter-relationships between them. Important variables for
cardiovascular hemodynamics include: HR; mean arterial,
diastolic, and systolic BP (MAP, DBP, and SBP, respectively);
stroke volume (SV); cardiac output (CO); and total peripheral
resistance (TPR), and the interrelationships between MAP, TPR,
CO, HR, and SV are expressed as: (i) MAP = CO × TPR and
(ii)CO=HR×SV(4). Further, the interrelationships between these
variables are complex owing to the feedback mechanism of
hemodynamics. Therefore, to compute these variables
simultaneously, a systems approach that integrates cardiovascular
physiology and the interactions between these variables is needed.
In this regard, Snelder et al. (23) proposed a systems model with
negative homeostatic feedback through MAP that can be used to
describe changes in TPR, HR, and SV, as illustrated in Figure 3.
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In the structure of this model, three turnover models that are
regulated by homeostatic feedback through MAP (FB-MAP) are
linked together to describe changes in HR, SV, and TPR.
Additionally, in each equation, Kin_i represents the zero-order
production rate of each parameter, while kout_i represents the
first-order elimination rate of each parameter.

dHR
dt = Kin _HR � 1 − FB�MAPð Þ − kout _HR � HR

dSV∗

dt = Kin _ SV � 1 − FB�MAPð Þ − kout _ SV � SV∗

dTPR
dt = Kin _TPR � 1 − FB�MAPð Þ − kout _TPR � TPR

SV = SV∗ � 1 − HR _ SV � LN HR=BSL _HRð Þð Þ
CO = HR� SV

MAP = CO� TPR

Considering the circadian rhythm as well as drug effects, these
equations can be written as follows:

dHR
dt = Kin _HR � 1 + CRHRð Þ � 1 − FB�MAPð Þ � 1 + EFF + HDHRð Þ − kout _HR �HR

dSVT

dt = Kin _ SV � 1 − FB�MAPð Þ � 1 + EFFð Þ − kout _ SV � SVT

dTPR
dT = Kin _TPR � 1 + CRTPRð Þ � 1 − FB�MAPð Þ � 1 + EFF + HDTPRð Þ − kout _TPR � TPR

where CRi represents the circadian rhythm of each carrier and
EFF represents drug effect, which for different drugs, is assessed
based on linear, power, Emax, or Sigmoid Emax models.

The abovementioned model has enabled the prediction of
drug-induced hemodynamic changes based on HR and MAP
measurements. More recently, Sang et al. (24) utilized the model
for predicting anthracycline-induced heart failure, and by
quantifying the interactions between preload, afterload, and the
myocardial contraction of the cardiovascular system in the QSP
model, they were able to distinguish pre-existing diseases or
disease progression from drug effects. Further, in this study by
Sang et al., the QSP-PK-PD model of doxorubicin-induced
cardiotoxicity showed desirable prediction in a population
consisting of individuals with and without preexisting
cardiovascular conditions.
FIGURE 2 | Schematic representation of the PK-PD model corresponding to the relationship between the left ventricular ejection fraction and trastuzumab exposure.
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MODELING OF DRUG-INDUCED
CHANGES IN MOLECULAR
SIGNALING PATHWAYS

Drug-Induced Changes in Molecular
Signaling Pathways
While the effects of cancer drugs on electrocardiographs and the
hemodynamic functions of the cardiovascular systems are a
shared mechanism of drug-induced cardiotoxicities, in recent
studies, more interest has been given to revealing the drug-
specific mechanisms that underlie cardiotoxicities, especially
with respect to impact on molecular signaling pathways (25).

The cardiac side effects of chemotherapies were first reported
following the introduction of daunorubicin. Additionally, the
cardiotoxicity of anthracyclines has been widely investigated
since their introduction (26). Specifically, anthracycline-
induced cardiomyopathy can occur at both early and late onset
cancers, and the well-accepted mechanism of such cardiotoxicity
involves the iron-dependent generation of reactive oxygen
species (ROS), which thereafter cause oxidative damage to
cardiomyocytes (27). Further, recent studies have revealed that
ROS production is dependent on topoisomerase-2b, which
seemingly, is a key mediator of doxycycline (DOX)-related
cardiomyopathy (28).

In the past, the cardiac side effects of targeted therapies were
initially considered minimal, as kinases were not constitutively
active in normal tissues. However, the long-term use of targeted
therapies still result in cardiovascular side effects, such as heart
failure, QT interval prolongation, and myocardial injury.
Further, considering tyrosine kinase inhibitors (TKIs) as
examples, these treatments target the proliferation pathways of
cardiomyocytes as well as cancer cells. Thus, the inhibition of
these pro-survival kinases in normal cardiomyocytes results in
the cardiotoxicities of TKI.
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Basic Mechanism-Based Modeling of
Drug-Induced Changes in Molecular
Signaling Pathways
It has been observed that anthracycline-induced cardiotoxicities
are dose-dependent. Moreover, there seems to be a correlation
between cardiotoxicity and drug peak plasma levels (29). Despite
various proposed dosing strategies, such as the limiting of total
dose and increasing infusion duration, the observed variability in
individual responses to anthracyclines is still unclear. Therefore,
PK-PD modeling provides a potential solution for anthracycline
precision dosing.

He et al. (30) developed a multiscale PK model that involves
the assessment of doxorubicin dispositions as well as interstitial
tissues, cells, and cellular organelles (Figure 4). Additionally, in
most previous studies, it has been observed that cardiotoxicity
is associated with the average plasma concentrations of
different drugs. However, the most relevant concentrations
with respect to cytotoxicity are those in cells or nuclei. In
this regard, the nucleus sub-compartment equation was defined
as follows:

Ce _ org = 0:5� Cet _ org − CNorg − Kd

� �

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cet _ org − CNorg − Kd

� �2+4� Kd � Cet _ org

q

� �

CDNA _ bound = Cet _ org − Ce _ org

where Cet_org represents total intracellular concentration, Ce_org

represents free intracellular concentrations, CNorg represents
DNA concentration, and CDNA_bound represents DNA
bound concentration.

The model predicted that prolonged infusion did not reduce
doxorubicin-deoxyribonucleic acid (DNA) adducts at the tumor
nucleus. This is consistent with clinical observations that
prolonged infusion do not compromise the anti-tumor effect,
indicating that DNA torsion is a primary anti-tumor
mechanism (31).
FIGURE 3 | Illustrative structure of the hemodynamic system pharmacology model developed by Snelder et al. (23). HR, heart rate; TPR, total peripheral resistance;
MAP, mean arterial pressure; and SV, stroke volume. FB- represents the negative feedback mechanism through MAP. The effects on HR, SV, and TPR are
described using turnover models. Kin_HR, Kin_SV, and Kin_TPR represent the zero-order production rate constants and kout_HR, kout_SV, and kout_TPR represent the first-
order elimination rate constants.
January 2022 | Volume 11 | Article 814699

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wen et al. Mechanistic PK/PD Modeling in Cardio-Oncology
Systems Pharmacology Modeling of
Drug-Induced Changes in Molecular
Signaling Pathways
TKI-induced cardiotoxicity can be attributed to the activity of
one or more tyrosine kinases in cardiomyocytes. Further, critical
processes, such as survival signaling, energy homeostasis, and
excitation-contraction coupling are controlled by molecular
signaling pathways. Thus, QSP approaches seem to be well
suited for the study of TKI-induced cardiotoxicity given that
tyrosine kinase signaling encompasses large as well as complex
networks with numerous feedback loops.

Vaidya et al. (32) recently investigated two TKIs, dasatinib
and sorafenib. Further, QSP models have been developed to
capture various trends in protein signaling and cellular responses
regarding parameter estimates. In this regard, the key signal
transduction pathways are shown in Figure 5.

The proteins in the apoptotic pathway that involves pBAD,
pBcl2, Caspase-9, and active Caspase-3 have been described in
the QSP model. Additionally, the model can be used to predict
the IC50 values corresponding to different drug concentrations;
these simulation results have been verified using data based on in
vitro studies.

Additionally, the QSP platform is useful for elucidating
cardiotoxicity mechanisms, and simulations based thereon can
facilitate the evaluation of drug dosing strategies to the end of
alleviating cardiotoxicity. Therefore, it offers the possibility to
overcome the problem of cardiotoxicity without compromising
the cytotoxic activity of the different drugs that are used to treat
specific malignancies.
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DISCUSSION

As an emerging field of interest, cardio-oncology aims to
identify patients with risk factors, prevent cardiovascular
damage , and moni tor or manage the progress o f
cardiovascular toxicities (33). Mechanistic PK-PD modeling
offers a potential approach for the prevention and identification
of cardiovascular toxicities by quantifying exposure-response
relationships. Limitations of PK-PD modeling should also be
noted. First, while examples of mechanistic PK-PD modeling in
cardiovascular safety with respect to anti-cancer drugs exist,
they have been limited to a few drugs. Second, such PK/PD
models should be further evaluated by large prospective clinical
investigations before applying to the real clinical settings.
Third, PK-Pd models could be considered as an additional
tool to predict cardiac toxicity but they do not substitute to clinical
evaluation. Complementary to clinical evaluations, further
investigations of predictive performances are essential to their
clinical applications.

B a s e d o n p u b l i s h e d s t u d i e s , d r u g - i n d u c e d
electrocardiograph and hemodynamic changes can be
sufficiently modeled using various model structures.
Additionally, modeling techniques for electrocardiograph and
hemodynamic changes are flexible and versatile, and
pharmacometricians can choose the appropriate ones based
on the purpose of modeling as well as the characteristics of the
data used. However, these models lack information on the
drug-specific mechanisms associated with cardiovascular
toxicity, and their applications in clinical scenarios are
A B

FIGURE 4 | Schematic diagram of the developed multiscale PB-PK model for doxorubicin. (A) Whole-body PB-PK model comprising seven tissues and two blood
compartments. The blood compartments are further divided into plasma and blood cell sub-compartments. (B) Tissue model; each tissue is divided into the
vascular, interstitial, intracellular, and nucleus DNA-bound sub-compartments.
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limited. Therefore, in the future, drug-specific mechanisms
can be incorporated into these models to enhance their
performance with respect to predictabilities, and bridge the
gaps between theoretical modeling and real clinical scenarios.

Additionally, the modeling of drug-induced changes in
molecular signaling pathways tends to be comprehensive and
drug-specific, and the prerequisite for successful modeling is an
understanding of molecular pathways and dose-driven
relationships. QSP provide the potential approaches given
that they offer the possibility to construct biological
interactions within systems. Moreover, QSP approaches can
eventually be applied to distinguish disease populations from
healthy ones, and also bridge the gap between application in
ideal populations and real-world populations (34, 35).
However, high-throughput experiments with system-level
information, as well as computational techniques are required
for the establishment of QSP networks. Thus, it is evident that QSP
applications are still limited to preclinical research for some drugs of
particular interest.
CONCLUSIONS

In conclusion, mechanistic PK-PD modeling has been
extensively applied to quantify the cardiovascular toxicities of
anti-cancer drugs. Further, drug-induced changes in physio-
electricity and hemodynamics can be well modeled using
Frontiers in Oncology | www.frontiersin.org 7140
quantitative systems biology. Therefore, in future, bridging the
gap between mechanistic cardiovascular models and clinical
realities would offer the possibility to quantify the
cardiovascular toxicities of anti-cancer drugs. Such PK/PD
models should be further evaluated by large prospective
clinical investigations before applying to the real clinical settings.
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cytochrome c; EGFR, epidermal growth factor receptor; ERK, extracellular signal regulated kinase; JNK, Jun N-terminal kinase; MAPK, mitogen activated protein
kinase; MEK, MAPK/ERK kinase; mTOR, mammalian target of rapamycin; PDGFR, platelet derived growth factor receptor; PI3K, phosphoinositide 3 kinase;
RAF, rapidly accelerated fibrosarcoma kinase protein; RAS, prototypical member of the Ras superfamily of proteins (belonging to the small GTPase group of
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Introduction: Enfortumab vedotin (EV) has been demonstrated to have a significant
response rate in early phase trials and is known for its tolerable side-effect profile.
Emerging case reports have raised awareness of cutaneous toxicities, which may be a
potentially fatal complication.

Objective: To assess the potential relevance between EV and cutaneous toxicities
reports through data mining of the U.S. Food and Drug Administration (FDA) adverse
event reporting system (FAERS).

Methods: Data from January 1, 2019, to November 4, 2021, in the FAERS database
were retrieved. Information component (IC) and reporting odds ratio (ROR) were used to
evaluate the association between EV and cutaneous toxicities events.

Results: EV was significantly associated with cutaneous toxicities in the database
compared with both all other drugs (ROR 12.90 [10.62–15.66], IC 2.76 [2.52–3.01],
middle signal) and platinum-based therapy (ROR 15.11 [12.43–18.37], IC 2.91 [2.66–
3.15], middle signal) in the FAERS database. A significant association was detected
between EV and all the cutaneous adverse effects (AEs) except erythema, palmar–
plantar erythrodysesthesia syndrome, and dermatitis allergic. Both Stevens–Johnson
syndrome and toxic epidermal necrolysis occurred 15 times as frequently for EV
compared with all other drugs (ROR = 15.20; ROR = 15.52), while Stevens–Johnson
syndrome occurred 18 times and toxic epidermal necrolysis occurred 7 times as
frequently for EV compared with platinum-based therapy in the database (ROR =
18.74; ROR = 7.80). All groups that limited the gender and age showed a significant
association between EV and cutaneous toxicities.

Conclusions: A significant signal was detected between EV use and cutaneous toxicities.
It is worth noting that Stevens–Johnson syndrome and toxic epidermal necrolysis were
significantly associated with EV use.

Keywords: cutaneous toxicity, EV, Food and Drug Administration Adverse Event Reporting System,
disproportionality analysis, real-word study
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INTRODUCTION

Urothelial cancer (UC) is the ninth most common cancer
worldwide (1). At presentation, about 70% of patients have non-
muscle-invasive disease and 25% muscle-invasive disease, and 5%
will be metastatic (2). Early stages of disease (non-muscle-invasive
UC and muscle-invasive disease UC) are often treated with
cisplatin-based chemotherapy with objective response rates of
approximately 50% (3). And the immune checkpoint inhibitor
(ICI) is considered the standard of care in patients who are either
cisplatin-unfit or platinum-refractory (4). However, patients with
metastatic UC (mUC) with disease progression on both platinum-
basedchemotherapyandan ICIhad few treatmentoptions available
and often have a dismal prognosis (5).

Enfortumab vedotin (EV) is an antimitotic antibody–drug
conjugate (ADC) that inhibits microtubule assembly, which received
Food and Drug Administration (FDA)-accelerated approval for the
treatment of adult patients with locally advanced or mUC who had
failed in the previous treatment of ICIs and platinum-based
chemotherapeutic agents in 2019 (6). The drug has been
demonstrated to have a significant response rate in early phase trials
and is known for its tolerable side-effect profile (7–11). Common
toxicities that have been attributed to EV were fatigue, peripheral
neuropathy, skin rashes, gastrointestinal issues, and hematological
suppression (12). The first case of cutaneous toxicities induced by
EVwas found in2019 (13).Recently, emergingcase reportshave raised
awareness of cutaneous toxicities, which may be a potentially fatal
complication (14–17). But the precise descriptions of cutaneous
toxicities were limited. Perhaps because of inadequate understanding
as a formof EV-related cutaneous toxicities, data are derived primarily
fromcase reports andclinical trials thatmaynot correctly represent the
real world. Moreover, the characteristics, outcomes, and types of EV-
related cutaneous toxicities are still unknown.

Considering the wide clinical use of EV and the potentially
fatal consequences of EV-associated cutaneous toxicities, it is
important to identify its clinical manifestations. Therefore, we
aim to assess the potential relevance between EV and cutaneous
toxicities through data mining of the U.S. FDA adverse event
(AE) reporting system (FAERS).
MATERIALS AND METHODS

Data Sources and Study Variables
The data were obtained from the FAERS database, which is publicly
available and contains spontaneous AE reports submitted to the U.S.
FDA by healthcare professionals, consumers, drug manufacturers,
and others. The FAERS database Quarterly Data Files (January 1,
2019, to November 4, 2021) were used. OpenVigil FDA, a validated
pharmacovigilance tool, was adapted to access the FDA drug-event
database with the additional openFDA drug mapping and duplicate
detection functionality (18–20).
Abbreviations: UC, urothelial cancer; ICI, immune checkpoint inhibitor; mUC,
metastatic UC; EV, enfortumab vedotin; ADC, antibody–drug conjugate; FDA,
Food and Drug Administration; FAERS, FDA adverse event reporting system;
AEs, adverse events; PTs, preferred terms; IC, information component; ROR,
reporting odds ratio; MMAE, monomethyl auristatin E.
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Pharmacovigilance Study Procedures
The reports in the FAERS database were coded using preferred
terms (PTs) from theMedical Dictionary for Regulatory Activities.
After literature review and summary of previous studies, we
considered the following PTs as related to cutaneous toxicities:
rash [10037844], rash pruritus [10037884], pruritus [10037087],
rash erythematous [10037855], Stevens–Johnson syndrome
[10042033], dry skin [10013786], toxic epidermal necrolysis
[10044223], skin exfoliation [10040844], dermatitis bullous
[10012441], rash maculopapular [10025423], skin discoloration
[10040829], erythema [10015150], rash papular [10037876], skin
reaction [10040914], skin toxicity [10059516], symmetrical drug-
related intertriginous and flexural exanthema [10078325],
dermatitis allergic [10012434], exfoliative rash [10064579],
palmar–plantar erythrodysesthesia syndrome [10033553], and
rash macular [10037867]. The clinical characteristics (gender, age,
reporting time, etc.) of patients were collected.

Statistical Analysis
Standard descriptive statistics were used to summarize the study
population characteristics. We conducted a disproportionality
analysis using the Bayesian confidence propagation neural
network of information component (IC) and reporting odds
ratio (ROR) to calculate disproportionality (21). ROR and IC are
recognized disproportionality methods to identify whether a
given AE (in this case, cutaneous toxicities) is reported more
frequently than expected with a given drug (in this case, EV),
which allows testing the possible disproportionate association
between a drug and an AE (18). For IC, a significant signal was
defined as the lower bound of the 95% CI (IC025) exceeded 0. If
0 < IC025 ≤ 1.5, then it is considered as weak signal; if 1.5 < IC025

≤ 3.0, then it is considered as middle signal; if IC025 > 3.0, then it
is considered as strong signal (22). Since IC-based signals were
included in ROR-based ones (23), ROR was also calculated, and
the significant signal was defined as the lower bound of the 95%
CI (ROR025) exceeded 1, with at least 3 cases (24–26). All the
analyses were performed using R version 3.2.5. The IC and ROR
with 95% CI can be calculated by the following:

IC = log2
(cxy + g xyÞðC + aÞðC + bÞ
(C + g )(cx+ax)(cy + by)

= log2
(cxy + g xyÞg

(C + g )

SD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �
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a = number of target AE of EV alone
b = number of other AEs of EV alone
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c = number of target AE of other drugs except for EV
d = number of other AEs of other drugs except for EV

cxy = a,  cx = a + b,  cy = a + c,  C = a + b + c + d,  gxy = 1,  a

= 2,  b = 2,  ax = 1,  by = 1

g = gxy
(C + a)(C + b)
(cx+ax)(cy + by)
RESULTS

Descriptive Analysis
Overall, 409 AE reports related to EV and 212 AE reports related to
cutaneous toxicities were submitted to the FAERS between January
1, 2004, and November 4, 2021. We screened all reported EV-
related cutaneous toxicities, and the clinical characteristics are
summarized in Table 1. Rash was the most common cutaneous
toxicities related to EV. All the cases were reported between 2020
and 2021. Most cases were male (76.42%). The median age of cases
was 74.5 (6–92) years. Most cases were EVmonotherapy (83.49%),
while only a few patients accepted combination therapy (Table 1).

Signal Values Associated With
Enfortumab Vedotin
EV was significantly associated with cutaneous toxicities
compared with both all other drugs (ROR 12.90 [10.62–15.66],
IC 2.76 [2.52–3.01], middle signal, Table 2) and platinum-based
therapy (ROR 15.11 [12.43–18.37], IC 2.91 [2.66–3.15], middle
signal, Table 2). And significant association was detected
between EV and all the cutaneous AEs except erythema,
palmar–plantar erythrodysesthesia syndrome, and dermatitis
allergic (Table 2). Nine AEs were detected as middle signal
including rash (IC025 = 2.85), rash erythematous (IC025 = 2.49),
Stevens–Johnson syndrome (IC025 = 2.96), dry skin (IC025 =
2.15), rash maculopapular (IC025 = 1.51), toxic epidermal
necrolysis (IC025 = 2.02), skin exfoliation (IC025 = 1.57),
dermatitis bullous (IC025 = 1.91), and blister (IC025 = 1.97)
compared with platinum-based therapy in the database, while
rash pruritus was detected as strong signal (IC025 = 3.32).

Analysis of Life-Threatening Adverse Events
Associated With Enfortumab Vedotin
Stevens–Johnson syndrome and toxic epidermal necrolysis were
the life-threatening AEs induced by EV. Those two AEs were all
detected as middle signal and significantly associated with EV
use. Both Stevens–Johnson syndrome and toxic epidermal
necrolysis occurred 15 times as frequently for EV compared
with all other drugs in the database (ROR = 15.20 and ROR =
15.52), while Stevens–Johnson syndrome occurred 18 times and
toxic epidermal necrolysis occurred 7 times as frequently for EV
compared with platinum-based therapy in the database (ROR =
18.74; ROR = 7.80).

Thirty-five death cases from all causes related to EV were
submitted to the FAERS, and three cases were reported to be
Frontiers in Oncology | www.frontiersin.org 3145
related to cutaneous toxicities (8.57%). It is worth noting that
three cases were all related to Stevens–Johnson syndrome. The
mortality rate of Stevens–Johnson syndrome related to EV was
13.64% in the FAERS.
Signal Values Associated With Different
Groups of Cases
Weanalyzed the associationbetweenEVandcutaneous toxicities in
different groups that limited the gender and age. All groups showed
significant association. Significant middle signals of cutaneous
toxicities were shown in all groups (Table 3).
DISCUSSION

To our knowledge, this is the first comprehensive pharmacovigilance
study on cutaneous toxicities associated with EV based on the FAERS
database.Our study included the largest suchcollectionof cases todate,
and 212 AE reports related to cutaneous toxicities were analyzed.

Our study detected a significant signal between EV use and
cutaneous toxicities. The most well-recognized AE of EV is rash.
The rate of rash was noted in 48% of patients in the previous
clinical trial (8). The median time to onset of skin reactions has
been estimated to be 1 month. Of patients who experienced rash,
nearly two-thirds experienced complete resolution, and
approximately one-fifth experienced partial improvement (27).
Besides rash, our study detected other cutaneous AEs induced by
EV including pruritus and Stevens–Johnson syndrome. The
mechanism for the AEs is unclear now. EV is an ADC with a
monomethyl auristatin E (MMAE) payload targeting Nectin-4, a
protein widely expressed on UC cells (28). Nectin-4 is important
in the skin, which has a role in cell–cell adhesion, and a
functional disturbance could lead to impaired cell–cell
attachment (29, 30). Besides that, cutaneous toxicities also
appeared to be a common AE in studies involving other ADC
that incorporate MMAE (31–33). Therefore, dermatologic
sequelae observed could be attributed solely to the MMAE
payload. Alternatively, the proposed mechanism is targeting
Nectin-4 by EV with the delivery of the MMAE payload to the
skin resulting in the observed keratinocyte apoptosis (16).

Stevens–Johnson syndrome and toxic epidermal necrolysis
were the life-threatening AEs. Those two AEs have always been
not a recognized side effect of EV. The first case report of a 71-
year-old male who suffered from EV-induced toxic epidermal
necrolysis was published in 2020 (15). And Viscuse et al.
highlighted a case of Stevens–Johnson syndrome/toxic
epidermal necrolysis following enfortumab infusions in 2021
(16). Unfortunately, both of the patients in these cases were dead
after treatment. Those cases aroused our attention on EV-
induced life-threatening cutaneous toxicity. Our study found
that those two AEs were significantly associated with EV use.
This reminded doctors that patients must be monitored for
cutaneous toxicities with early involvement of dermatology.

Our study found a significant signal of cutaneous toxicities in
all groups that limited the gender and age. All the groups were
detected as middle signal. Young people (≤60 years old) had
January 2022 | Volume 11 | Article 801199
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TABLE 1 | Characteristics of patients with enfortumab vedotin associated cutaneous toxicities sourced from the FAERS database.

Characteristics N. of
case

Gender Age

Male
n (%)

Female
n (%)

Unknown or
missing n (%)

Median
(IQR)

≤60
n (%)

61–70
n (%)

71–80
n (%)

≧81
n (%)

Unknown or
missing n (%)

Total 212 162
(76.42)

42
(19.81)

8 (3.77) 74.5 (6–92) 19
(8.96)

33
(15.57)

45
(21.23)

15
(7.08)

100 (47.17)

EV monotherapy 177 137
(77.40)

35
(19.77)

5 (2.83) 73 (6–92) 16
(9.04)

28
(15.82)

32
(18.08)

14
(7.91)

87 (49.15)

Combination therapy
EV + pembrolizumab 22 19

(86.36)
1 (4.55) 2 (9.09) 72 (60–78) 2 (9.09) 5

(22.73)
12

(54.55)
0

(0.00)
3 (13.64)

EV + atezolizumab 2 1
(50.00)

1 (50.00) 0 (0.00) — 0 (0.00) 0 (0.00) 1
(50.00)

0
(0.00)

1 (50.00)

EV + cisplatinum 3 1
(33.33)

2 (66.67) 0 (0.00) — 0 (0.00) 0 (0.00) 0 (0.00) 0
(0.00)

3 (100.00)

EV + carboplatin 2 1
(50.00)

0 (0.00) 1 (50.00) — 0 (0.00) 0 (0.00) 0 (0.00) 1
(50.00)

1 (50.00)

EV + pembrolizumab + erdafitinib 1 1
(100.00)

0 (0.00) 0 (0.00) — 1
(100.00)

0 (0.00) 0 (0.00) 0
(0.00)

0 (0.00)

EV + pembrolizumab + erdafitinib 3 2
(66.67)

1 (33.33) 0 (0.00) — 0 (0.00) 0 (0.00) 0 (0.00) 0
(0.00)

3 (100.00)

EV + pembrolizumab + cisplatinum 2 0 (0.00) 2
(100.00)

0 (0.00) — 0 (0.00) 0 (0.00) 0 (0.00) 0
(0.00)

2 (100.00)

Adverse Effects (AEs)
Rash 79 58

(73.42)
19

(24.05)
2 (2.53) 74 (6–90) 8

(10.13)
7 (8.86) 10

(12.66)
8

(10.13)
46 (58.23)

Rash pruritus 16 10
(62.50)

6 (37.50) 0 (0.00) 71.5 (8–92) 3
(18.75)

2
(12.50)

5
(31.25)

2
(12.50)

4 (25.00)

Pruritus 14 13
(92.85)

1 (7.14) 0 (0.00) 72 (65–88) 0 (0.00) 2
(14.29)

3
(21.43)

1
(7.14)

8 (57.14)

Rash erythematous 13 12
(92.31)

1 (7.69) 0 (0.00) 73 (7–81) 2
(15.38)

1 (7.69) 5
(38.46)

1
(7.69)

4 (30.77)

Stevens–Johnson syndrome 13 9
(69.23)

2 (15.38) 2 (15.38) 76 (67–78) 0 (0.00) 1 (7.69) 5
(38.46)

0
(0.00)

7 (53.85)

Dry skin 12 9
(75.00)

3 (25.00) 0 (0.00) 65.5 (40–83) 1 (8.33) 2
(16.67)

0 (0.00) 1
(8.33)

8 (66.67)

Rash maculopapular 10 8
(80.00)

2 (20.00) 0 (0.00) 70 (60–92) 1
(10.00)

4
(40.00)

2
(20.00)

1
(10.00)

2 (20.00)

Toxic epidermal necrolysis 9 5
(55.56)

1 (11.11) 3 (33.33) 72 (67–78) 0 (0.00) 1
(11.11)

3
(33.33)

0
(0.00)

5 (55.56)

Skin exfoliation 8 6
(75.00)

2 (25.00) 0 (0.00) 67 (40–85) 1
(12.50)

4
(50.00)

1
(14.29)

1
(12.50)

1 (12.50)

Dermatitis bullous 6 6
(100.00)

0 (0.00) 0 (0.00) 77 (65–78) 0 (0.00) 1
(16.67)

3
(50.00)

0
(0.00)

2 (33.33)

Skin discoloration 6 5
(83.33)

1 (16.67) 0 (0.00) 65 (60–66) 1
(16.67)

3
(50.00)

1
(16.67)

0
(0.00)

1 (16.67)

Blister 5 4
(80.00)

1 (20.00) 0 (0.00) 72 (67–77) 0 (0.00) 1
(20.00)

1
(20.00)

0
(0.00)

3 (60.00)

Erythema 4 3
(75.00)

1 (25.00) 0 (0.00) 60 (60–69) 2
(50.00)

1
(25.00)

0 (0.00) 0
(0.00)

1 (25.00)

Skin reaction 4 3
(75.00)

1 (25.00) 0 (0.00) — 0 (0.00) 0 (0.00) 0 (0.00) 0
(0.00)

4 (100.00)

Exfoliative rash 3 3
(100.00)

0 (0.00) 0 (0.00) 75 (71–76) 0 (0.00) 0 (0.00) 3
(100.00)

0
(0.00)

0 (0.00)

Palmar–plantar erythrodysesthesia
syndrome

3 2
(75.00)

1 (25.00) 0 (0.00) — 0 (0.00) 0 (0.00) 1
(33.33)

0
(0.00)

2 (66.67)

Skin toxicity 3 2
(66.67)

0 (0.00) 1 (33.33) — 0 (0.00) 1
(33.33)

0 (0.00) 0
(0.00)

2 (66.67)

Symmetrical drug-related intertriginous
and flexural exanthema

3 3
(100.00)

0 (0.00) 0 (0.00) 70 (70–81) 0 (0.00) 2
(66.67)

1
(33.33)

0
(0.00)

0 (0.00)

Dermatitis allergic 1 1
(100.00)

0 (0.00) 0 (0.00) — 0 (0.00) 0 (0.00) 1
(100.00)

0
(0.00)

0 (0.00)
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slightly lower reporting frequencies for cutaneous toxicities
compared with old people.

Our study has limitations. First, the FAERS database was a
spontaneous reporting system. Underreporting, selective
reporting, and many missing data could bring reporting bias.
Second, the limited data might not contribute to a better
comprehensive evaluation of EV-induced cutaneous toxicities.
Third, disproportionality analysis is a suitable tool to quantitate
signals for the AE. But the causal relationship between drugs
(EV) and the AE (cutaneous toxicities) cannot be verified
without a clinically performed causality assessment, while
Frontiers in Oncology | www.frontiersin.org 5147
confounders such as comorbidity and concomitant drugs
cannot also be assessed properly.
CONCLUSION

Our study detected a significant signal between EV use and
cutaneous toxicities. It is worth noting that Stevens–Johnson
syndrome and toxic epidermal necrolysis were significantly
associated with EV use. Patients must be monitored for
cutaneous toxicities with early involvement of dermatology.
TABLE 2 | Disproportionality analysis of enfortumab vedotin and cutaneous toxicities.

Category N. of
case

ROR (ROR025–ROR975) IC (IC025–IC975, signal strength)

Compared with all
other drugs

Compared with
platinum-based therapy

Compared with all other
drugs

Compared with platinum-
based therapy

Cutaneous toxicities 212 12.90 (10.62–15.66) 15.11 (12.43–18.37) 2.76 (2.52 to 3.01, middle) 2.91 (2.66 to 3.15, middle)
AEs
Rash 79 11.64 (9.11–14.88) 12.29 (9.58–15.76) 3.18 (2.82 to 3.53, middle) 3.21 (2.85 to 3.56, middle)
Rash pruritus 16 15.91 (9.65–26.23) 41.21 (24.22–70.11) 3.74 (2.64 to 4.11, middle) 4.07 (3.32 to 4.82, Strong)
Pruritus 14 2.17 (1.27–3.69) 3.56 (2.09–6.09) 0.98 (0.20 to 1.77, weak) 1.62 (0.83 to 2.41, weak)
Rash erythematous 13 15.96 (9.19–27.74) 17.49 (9.91–30.86) 3.28 (2.47 to 4.09, middle) 3.31 (2.49 to 4.14, middle)
Stevens–Johnson syndrome 13 26.41 (15.20–45.90) 33.51 (18.74–59.94) 3.69 (2.88 to 4.50, middle) 3.79 (2.96 to 4.61, middle)
Dry skin 12 4.50 (2.81–8.88) 12.83 (7.14–23.05) 2.02 (1.18 to 2.86, weak) 3.00 (2.15 to 3.86, middle)
Rash maculopapular 10 8.74 (4.67–16.38) 7.74 (4.10–14.61) 2.58 (1.66 to 3.50, middle) 2.44 (1.51 to 3.37, middle)
Toxic epidermal necrolysis 9 30.05 (15.52–58.20) 15.34 (7.80–30.21) 3.48 (2.52 to 4.45, middle) 3.00 (2.02 to 3.98, middle)
Skin exfoliation 8 5.14 (2.55–10.34) 10.22 (5.02–20.81) 1.94 (0.92 to 2.97, weak) 2.6 (1.57 to 3.64, middle)
Dermatitis bullous 6 40.41 (18.04–90.53) 33.57 (14.35–78.53) 3.21 (2.02 to 4.39, middle) 3.10 (1.91 to 4.30, middle
Skin discoloration 6 6.34 (2.83–14.20) 14.00 (6.14–31.94) 2.04 (0.86 to 3.23, weak) 2.66 (1.47 to 3.85, middle)
Blister 5 4.72 (1.95–11.40) —* 1.68 (0.38 to 2.97, weak) 3.28 (1.97 to 4.59, middle)
Erythema 4 0.93 (0.35–2.50) 0.70 (0.26–1.88) −0.25 (−1.70 to 1.19, no) −0.62 (−2.06 to 0.83, no)
Skin reaction 4 14.06 (5.25–37.66) 7.37 (2.72–19.97) 2.35 (0.91 to 3.79, weak) 1.92 (0.47 to 3.38, weak)
Skin toxicity 3 33.37 (10.71–103.94) 3.39 (1.08–10.62) 2.35 (0.69 to 4.01, weak) 1.11 (−0.56 to 2.78, no)
Symmetrical drug-related
intertriginous and flexural exanthema

3 356.28 (113.77–1115.71) —* 2.57 (0.91 to 4.23, weak) 2.56 (0.88 to 4.23, weak)

Exfoliative rash 3 55.28 (17.74–172.29) 27.60 (8.42–90.49) 2.44 (0.79 to 4.10, weak) 2.29 (0.61 to 3.96, weak)
Palmar–plantar erythrodysesthesia
syndrome

3 6.53 (2.10–20.33) 1.44 (0.46–4.48) 1.65 (−0.014 to 3.31, no) 0.22 (−1.45 to 0.88, no)

Dermatitis allergic 1 —* —* −4.62 (−7.41 to −1.83, no) 0.63 (−2.17 to 3.42, no)
January 2022 |
N, number; ROR, reporting odds ratio; ROR025, the lower end of the 95% confidence interval of ROR; ROR975, the upper end of the 95% confidence interval of ROR; IC, information
component; IC025, the lower end of the 95% confidence interval of IC; IC975, the upper end of the 95% confidence interval of IC.
*ROR was not calculated for the reason that the cases were less than 3.
TABLE 3 | Disproportionality analysis of enfortumab vedotin and cutaneous toxicities in different groups of cases.

Category N. of
case

ROR (ROR025–ROR975) IC (IC025–IC975, signal strength)

Compared with all other
drugs

Compared with platinum-based
therapy

Compared with all other
drugs

Compared with platinum-based
therapy

Total 212 12.90 (10.62–15.66) 15.11 (12.43–18.37) 2.76 (2.52–3.01, middle) 2.91 (2.66–3.15, middle)
Gender
Male 162 13.12 (10.50–16.40) 15.11 (12.08–18.91) 2.73 (2.46–3.01, middle) 2.90 (2.62–3.18, middle)
Female 42 11.71 (7.65–17.91) 13.48 (8.81–20.64) 3.58 (2.05–3.12, middle) 2.75 (2.21–3.29, middle)
Age
≤60 19 9.49 (5.20–17.32) 10.93 (5.98–10.96) 2.33 (1.55–3.11, middle) 2.49 (1.71–3.27, middle)
61–70 33 26.37 (14.32–48.55) 30.37 (16.49–55.94) 2.99 (2.35–3.63, middle) 3.15 (2.51–3.79, middle)
71–80 45 38.53 (21.15–70.19) 44.37 (24.35–80.87) 3.17 (2.60–3.72, middle) 3.33 (2.77–3.89, middle)
≥81 15 14.98 (7.01–32.01) 17.26 (8.07–36.88) 2.56 (1.66–3.46, middle) 2.71 (1.82–3.61, middle)
N, number; ROR, reporting odds ratio; ROR025, the lower end of the 95% confidence interval of ROR; ROR975, the upper end of the 95% confidence interval of ROR; IC, information
component; IC025, the lower end of the 95% confidence interval of IC; IC975, the upper end of the 95% confidence interval of IC.
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Further study is required with better data sources and research
design to draw conclusions on the strength of the relationships.
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Case Report: Successful
Avatrombopag Treatment for Two
Cases of Anti-PD-1 Antibody-Induced
Acquired Amegakaryocytic
Thrombocytopenia
Xiaofang Tu, Ali Xue, Suye Wu, Mengmeng Jin, Pu Zhao* and Hao Zhang*

Department of Hematology, The Third Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

Background: Anti-PD-1/PD-L1 immunotherapy has achieved impressive responses in
multiple types of malignancies in recent years. However, immune-related adverse events
(irAEs) occur and limit their continuous clinical use. Among these irAEs, acquired
amegakaryocytic thrombocytopenia (AAT) is rare but often clinically serious, life-
threatening and refractory to multiple treatment approaches.

Case summary:We reported for the first time the successful treatment of avatrombopag
in two cases of anti-PD1 antibody-induced AAT (in particular, one case had progressed to
aplastic anemia), which was refractory or intolerant to glucocorticoids, ciclosporin,
intravenous immunoglobulin (IVIG), recombinant human thrombopoietin (rh-TPO) and
even TPO receptor agonist (TPO-RA) eltrombopag. To date, the two cases manifested
as normal platelet counts and are independent of transfusion.

Conclusion: Anti-PD1 antibody-induced AAT occurs with low frequency but is often
serious and difficult to manage, for which this study proposed vatrombopag as a potential
curative and safe approach.

Keywords: immune-related adverse events, acquired amegakaryocytic thrombocytopenia, anti-PD-1 antibody,
thrombopoietin receptor agonists, avatrombopag

INTRODUCTION

Programmed cell death protein 1 (PD-1) is a member of the immunoglobulin supergene family that
is expressed upon lymphocyte activation in CD4+ and CD8+ T cells, which acts as a natural brake that
modulates the T cell response. Blockade of the PD-1/programmed cell death ligand 1 (PD-L1)
pathway by monoclonal antibodies has emerged as a highly effective approach to reinvigorate T cells
in treating several types of malignancies such as melanoma, lung cancer, renal cell carcinoma, gastric
cancer and certain types of lymphoma. However, immune-related adverse events (irAEs) frequently
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occur and can potentially affect all organs, which limits the
continued use of anti-PD1/PD-L1 antibodies (De Velasco
et al., 2017).

Hematological irAEs induced by anti-PD-1/PD-L1
immunotherapy are much less frequent than those induced
with conventional cytotoxic chemotherapy and account for
approximately 3.6% of total irAEs with the most common
type of neutropenia, autoimmune hemolytic anemia and
immune thrombocytopenia each in 26%, followed by
pancytopenia or aplastic anemia in 14% (Delanoy et al., 2019;
Michot et al., 2019). In particular, a rare hematological disorder,
which is called acquired amegakaryocytic thrombocytopenia
(AAT), is characterized by severe thrombocytopenia and a
complete or nearly complete absence of megakaryocytes in the
bone marrow (Agarwal et al., 2006). AAT is distinguished from
megakaryocyte maturation disorder in immune
thrombocytopenia (ITP). AAT is often clinically serious and
life-threatening due to the significantly increased risk of vital
organ bleeding. To date, only sporadic cases of anti-PD-1/PD-
L1 immunotherapy-induced AAT have been reported. The
standard treatment of AAT has not been defined, and the
management is often thorny because of their refractoriness to
possible treatment choices, including immunosuppressive
therapy, rituximab, interleukin-11, recombinant human
thrombopoietin (rh-TPO) and even some thrombopoietin
receptor agonists (TPO-RAs). As a newly FDA approved
TPO-RA for immune ITP, avatrombopag promotes platelet
production by stimulating TPO receptor (c-Mpl) with high
efficacy and safety (Deng et al., 2021; Gilreath et al., 2021).
However, little is known about its effects in the treatment of
AAT, especially anti-PD-1/PD-L1 antibody-induced AAT. In this
study, we report for the first time the successful treatment of
avatrombopag in two patients with anti-PD-1 antibody-
induced AAT.

CASE PRESENTATIONS

Patient 1
A 67-year-old male was diagnosed with ureter neoplasm with
right hydronephrosis and retroperitoneal lymph node metastasis
in May 2020. After three cycles of combined chemotherapy
(gemcitabine and carboplatin), the patient was administered
tislelizumab at a dose of 200 mg every 3 weeks. Three weeks
after the second treatment with tislelizumab, routine blood
examination indicated thrombocytopenia with a platelet count
of 4.8×104/µL. Tislelizumab was discontinued, and rh-TPO was
used at a dose of 15,000 U/day for 13 consecutive days, but
repeated examination showed a further decreased platelet count
of 2.1×104/µL. Considering anti-PD-1 antibody-related immune
thrombocytopenia, the patient received methylprednisolone
80 mg daily for three consecutive weeks until skin
hemorrhages and petechiae appeared on his extremities and
abdomen, and the platelet count decreased to 0.5×104/µL.
Bone marrow morphology showed an almost absence of
megakaryocytes with no significant abnormal presentation of
other cell linages. Excluding other possible secondary

thrombocytopenia (other immune diseases, drugs, or infections
induced thrombocytopenia), anti-PD-1 antibody-induced AAT
was considered. Due to the risk of life-threatening bleeding, the
patient received intravenous immunoglobulin (IVIG) 20 g/day
for 5 days and irregular platelet infusion. Unfortunately, there
was still no improvement in his platelet count. The following
administration of cyclosporine 100 mg daily was discontinued
1 week later because severe pneumonia occurred.

As a potentially effective strategy, TPO-RAs were considered.
Oral eltrombopag 50 mg daily was initiated and lasted for a total
of 3 months, but it ended in limited responses. The patient was
transitioned to avatrombopag at a dose of 40 mg daily.
Surprisingly, the platelet count increased to 2.8×104/µL
2 weeks later and above 10×104/µL 2 months after the
avatrombopag initiation. To date, the platelet count of the
patient has remained normal (Figure 1), and no obvious
adverse effects have been observed.

Patient 2
A 71-year-old female who was diagnosed with bladder cancer
received surgical resection of the tumor and four cycles of
chemotherapy (gemcitabine and cisplatin) in 2019. Due to the
evaluation as a poor prognosis, she was started on treatment with
triplezumab 200 mg every 3 weeks. After two courses of
treatment, she developed thrombocytopenia with a platelet
count of 2.6×104/µL. Rh-TPO was given at a dose of 15,000 U
daily for 17 consecutive days, and the platelet count returned to
5×104/µL. Approximately 1 month later, repeated routine blood
examination showed a decreased platelet count of 2.9×104/µL.
Bone marrow examination demonstrated megakaryophthisis,
and AAT was diagnosed in the absence of evidence that other
causes induced thrombocytopenia. Five days of IVIG (20 g/day)
and 2 weeks of rh-TPO (15,000 U/day) were administered, but no
response was observed, and the platelet count continuously
decreased to 1.5×104/µL. Then, she received eltrombopag
50 mg daily but discontinued because of economic
considerations and limited responses within 2 weeks.

At 5 months later, the patient developed bleeding on her skin
and gums with severe thrombocytopenia (platelet count 0.2×104/
µL), anemia (hemoglobin 5.7 g/dl) and granulocytopenia (white
blood cell count 1.9×103/µL). Repeated bone marrow
examination suggested multilineage hypoplasia with a near
absence of megakaryocytes, and immune-related aplastic
anemia was diagnosed. The combination of
methylprednisolone (40 mg/day), rh-TPO (15,000 U/day) and
granulocyte colony-stimulating factors (G-CSF) (200 U/day)
was administered for 2 weeks, and no response was observed.
Considering the age and potential immunocompromise, the
patient refused the use of cyclosporin.

After another 5 months, the patient agreed to the treatment of
avatrombopag because of sustained pancytopenia and
accompanying complications. Encouragingly, at a dose of
40 mg daily for 1 month, routine blood examination showed a
significant improvement in blood cell count. Two months after
the avatrombopag administration, a satisfactory blood cell count
was achieved with a platelet count of 9.4×104/µL, a hemoglobin
count of 10.6 g/dl and a white blood cell count of 3.2×103/µL
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(Figure 2). During follow-up, no significant adverse events were
observed with continued use of avatrombopag.

DISCUSSION

With the widespread application of anti-PD-1/PD-L1 antibodies
in multiple malignancies, irAEs have been frequently observed in
the clinic. Hematological irAEs, especially AAT, occur with a low
frequency, but severe bleeding is often life-threatening. Although
immune-related disorders are thought to be causative, the exact
underlying pathogenesis remains unclear. The possible

mechanisms associated with AAT involve activated T cells (T
suppressor activated lymphocytes (Benedetti et al., 1994), T-cell
large granular lymphocytes (Rajpurkar et al., 2019)), humoral
immunity (anti-TPO antibody (Shiozaki et al., 2000), anti-c-Mpl
antibody (Son et al., 2019)) or cytokine (Kimura et al., 1996)-
mediated disorders of megakaryocyte generation. For anti-PD-1/
PD-L1-induced AAT specifically, the underlying mechanismmay
be similar to those antitumor responses, which refer to the
expansion of the T-cell repertoire. Iyama S et al. suggested
that cell-mediated instead of humoral immunity possibly
participated in anti-PD-1 antibody-induced AAT in studies
where no significant difference was observed in growth effects

FIGURE 1 | Schedule of treatment and dynamics of platelet counts for patient 1. After two courses of tislelizumab treatment, the platelet count gradually decreased
with the lowest level of 0.5×104/µL, which was refractory to glucocorticoids, IVIG, rh-TPO, cyclosporine and eltrombopag. With the administration of avatrombopag
40 mg daily, the platelet count rapidly increased and remained above 10×104/µL.

FIGURE 2 | Schedule of treatment and the dynamics of white blood cells, hemoglobin and platelets for patient 2. Two courses of triplezumab treatment induced a
gradually decreased platelet count followed by pancytopenia with no response to glucocorticoids, IVIG, rh-TPO or eltrombopag. With the use of avatrombopag 40 mg
daily, a rapid increase in platelet count, hemoglobin and white blood cell count was observed and maintained.
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between patient and control plasma samples on BFU-E, CFU-GM
and CFU-GEMM (Iyama et al., 2020). The role of affected B cell
responses and induced autoantibody production, such as anti-
TPO, anti-c-Mpl or platelet-associated IgG, in anti-PD-1/PD-L1-
induced AAT is unclear due to the limited number of cases and
the absence of related clinical and experimental data.

Published reports demonstrated preserved megakaryocytes in
most cases of anti-PD-1/PD-L1-induced immune
thrombocytopenia, some of which were successfully treated
with glucocorticoids, cyclosporins (IVIGs), rituximab or TPO-
RA (Suyama et al., 2021). However, based on the possible
different pathogenesis in anti-PD-1/PD-L1-induced AAT,
treatment responses greatly varied in limited individuals. Thus,
effective or optimal therapeutic choices remain confusing and
controversial. Nishino S et al. (Nishino et al., 2018) reported a
case with anti-PD-1/PD-L1-induced AAT that responded
dramatically to glucocorticoids, while the case provided by
Suyama T et al. did not respond to glucocorticoids but was
cured by TPO-RA eltrombopag (Suyama et al., 2021).
Nevertheless, in the present two cases of this study,
tislelizumab/triplezumab-induced AATs were refractory to
glucocorticoids, IVIG, rh-TPO and even TPO-RA
eltrombopag. In addition, due to the potential risk of infection
or tumor progression caused by immunocompromise in patients
with malignancies, the application of long-term or strong
immunosuppressive therapy was restricted, such as cyclosporin
and anti-thymocyte globulin.

Similar to eltrombopag, avatrombopag specifically binds to the
TPO receptor (c-Mpl) and stimulates the proliferation and
differentiation of megakaryocytes and even hematopoietic stem
cells (HSCs), which results in resumed production of platelets.
Due to its safety and effectiveness, avatrombopag was approved
by the FDA to treat chronic ITP in adults (Provan et al., 2019) and
thrombocytopenia in adult patients with chronic liver disease
(Shirley, 2018). According to the manufacturer’s instructions, a
daily dose of 20–40 mg is recommended for patients with chronic
ITP, and the standard length of treatment is not defined. TPO-
RAs differ in their specific molecular structure, pharmacokinetic
characteristics, binding site and the manner in which they
stimulate the TPO receptor. Thus, patients who experience
intolerance or lack of efficacy with one TPO-RA may benefit
from switching to an alternate TPO-RA (Khellaf et al., 2013;
Lakhwani et al., 2017). Surprisingly, by transitioning to
avatrombopag, both patients in this study achieved satisfactory
hematologic responses. The different responses induced by
eltrombopag and avatrombopag in the present cases could also
be dose-related, since it has been reported that daily 20 mg doses
of avatrombopag produce 3–5 times higher peak platelet counts
than daily 75 mg doses of eltrombopag (Al-Samkari and Kuter,
2018). Meanwhile, it is also worth considering whether the
duration of treatment affects the outcome, since the length of
eltrombopag administration was only 2 weeks, and
avatrombopag lasted several months in patient 2. No obvious

adverse reactions were observed with continued use of
avatrombopag in the two cases, although pooled data from
clinical trials in ITP indicated that some patients experienced
headache, fatigue, epistaxis, infections, etc.

Of note, because anti-PD-1/PD-L1 antibody-induced immune
attack can theoretically affect all types of cells, including HSCs
and myeloid progenitors, some AATs may progress to aplastic
anemia (Delanoy et al., 2019; Novotny et al., 2017). Based on TPO
receptors expressed on HSCs, TPO-RA treatment was associated
with multilineage clinical responses in some patients with aplastic
anemia (Olnes et al., 2012; Scheinberg, 2018). To our knowledge,
the application of avatrombopag in aplastic anemia, particularly
anti-PD-1/PD-L1 antibody-induced aplastic anemia, has not
been reported. The nearly complete response achieved by
avatrombopag in patient 2 with AAT progression into aplastic
anemia proposed a promising therapeutic approach for such
diseases.

In conclusion, anti-PD-1/PD-L1 antibody-induced AAT is
rare but often serious and refractory to multiple treatments.
This study proposed avatrombopag as a potential curative and
safe approach for such patients with limited efficacy or
intolerance to immunosuppressive therapy or other
recommended treatments.
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Both crizotinib and sunitinib, novel orally-active multikinase inhibitors, exhibit antitumor
activity and extend the survival of patients with a malignant tumor. However, some
patients may suffer liver injury that can further limit the clinical use of these drugs, however
the mechanisms underlying hepatotoxicity are still to be elucidated. Thus, our study was
designed to use HepG2 cells in vitro and the ICR mice model in vivo to investigate the
mechanisms of hepatotoxicity induced by crizotinib and sunitinib. Male ICR mice were
treated orally with crizotinib (70 mg/kg/day) or sunitinib (7.5 mg/kg/day) for four weeks.
The results demonstrated that crizotinib and sunitinib caused cytotoxicity in HepG2 cells
and chronic liver injury in mice, which were associated with oxidative stress, apoptosis
and/or necrosis. Crizotinib- and sunitinib-induced oxidative stress was accompanied by
increasing reactive oxygen species and malondialdehyde levels and decreasing the
activity of superoxide dismutase and glutathione peroxidase. Notably, the activation of
the Kelch-like ECH-associated protein-1/Nuclear factor erythroid-2 related factor 2
signaling pathway was involved in the process of oxidative stress, and partially
protected against oxidative stress. Crizotinib and sunitinib induced apoptosis via the
mitochondrial pathway, which was characterized by decreasing Bcl2/Bax ratio to
dissipate the mitochondrial membrane potential, and increasing apoptotic markers
levels. Moreover, the pan-caspase inhibitor Z-VAD-FMK improved the cell viability and
alleviated liver damage, which further indicated the presence of apoptosis. Taken
together, this study demonstrated that crizotinib- and sunitinib-caused oxidative stress
and apoptosis finally impaired hepatic function, which was strongly supported by the
histopathological lesions and markedly increased levels of serum alanine
aminotransferase, alkaline phosphatase and lactate dehydrogenase.

Keywords: crizotinib, sunitinib, hepatotoxicity, Keap1/Nrf2, apoptosis, liver mitochondrial injury
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Guo et al. Crizotinib- and Sunitinib-Induced Hepatotoxicity
INTRODUCTION

Crizotinib, an oral inhibitor of anaplastic lymphoma kinase,
MET proto-oncogene, and c-ros oncogene 1 tyrosine kinases,
was approved by the U.S. Food and Drug Administration (FDA)
in 2011 for non-small cell lung cancer (1). Although crizotinib
has been documented to improve survival in cancer patients, it
can cause severe adverse effects, including pulmonary toxicity
(2), acute and fulminant hepatitis (3). In clinical trials, the
frequency of elevated serum transaminases in patients treated
with crizotinib was 10-38% for all grades, 16% for grade 3 to
grade 4 and nearly 0.1% for fatal hepatotoxicity (4). Recently, two
clinical cases reported that patients treated with crizotinib
presented with fatal liver failure despite the discontinuation of
crizotinib and intensive supportive therapy (5, 6).

As another oral multitargeted inhibitor of platelet-derived
growth factor receptors, vascular endothelial growth factor
receptor and c-Kit tyrosine kinases, sunitinib was approved by
FDA in 2006 for patients with metastatic renal-cell carcinoma,
imatinib-resistant gastrointestinal stromal tumors and pancreatic
neuroendocrine tumors (7). Nevertheless, sunitinib showed some
potentially severe adverse reactions including cardiac dysfunction
and potentially life-threatening hepatotoxicity (8, 9). Sunitinib-
induced liver failure has been reported in many clinical cases (10).
In clinical trials, 2-5% of patients treated with sunitinib developed
grade 3 and grade 4 elevated aminotransferase (11) and hepatic
failure happened in 0.3% of patients (12). TheUS FDA requested a
black box warning of hepatotoxicity for the use of sunitinib
pending warnings of fatal liver damage reports in 2010 (4).
Hepatotoxicity has limited the clinical application of crizotinib
and sunitinib. Therefore, there is an urgent need to further explore
the molecular mechanisms and pathways associated with
crizotinib- and sunitinib-induced hepatotoxicity for clinical
medication guidance and hepatotoxicity avoidance. Recently,
researchers have reported that crizotinib did not significantly
affect mitochondrial function in isolated rat liver mitochondria
(13) andHepG2 cells (14) at concentrations of 20- to 100-fold peak
blood levels. However, some in vitro studies suggested that
crizotinib induced ATP depletion, caspase activation in primary
rat andhumanhepatocytes (15), and reactiveoxygen species (ROS)
generation in HL7702 cells (16). Similarly, Zhang and his
colleagues reported that sunitinib showed no effects on intact
mitochondria or submitochondrial particles even at the highest
concentrations tested in isolated rat liver mitochondria (13).
Nevertheless, recent research showed that sunitinib generated
toxic metabolites causing mitochondrial toxicity in mice (17, 18),
and apoptosis was induced in HepG2 cells and HepaRG cells (19).
The results of the previous studies appear to be incompatible or
contradictory in different cell lines and animal models. Thus, it is
important to investigate whether oxidative damage and
mitochondrial-related apoptosis are involved in crizotinib- and
sunitinib-induced hepatotoxicity. Therefore, the present studywas
conducted usingHepG2 cells as an in vitromodel and ICRmice as
an in vivomodel to explore potential mechanisms associated with
crizotinib- and sunitinib-induced hepatotoxicity. Our results
confirmed that crizotinib and sunitinib treatment induced liver
toxicity, which manifested in terms of elevated liver enzymes,
Frontiers in Oncology | www.frontiersin.org 2156
elevated oxidative stress, and mitochondrial dysfunction, which
subsequently lead to hepatocyte apoptosis. Importantly, we were
the first to find that the Kelch-like ECH-associated protein-1
(Keap1)/Nuclear factor erythroid-2 related factor 2 (Nrf2)
signaling pathway was involved in the process of crizotinib- and
sunitinib induced oxidative stress. Our findings indicate that the
activation of the Keap-Nrf2 pathway may participate in the
elimination of ROS to alleviate oxidative injury.
MATERIALS AND METHODS

Drugs and Reagents
Crizotinib (purity≥98%) and sunitinib (purity≥99%) were
obtained from Huateng pharmaceuticals-company (Hunan,
China). DMEM medium and phosphate-buffered saline (PBS)
were obtained fromGibco (Grand Island, NY, USA). Fetal bovine
serum (FBS) was obtained from Biological Industries (Israel).
Dimethyl sulfoxide (DMSO) and 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Trypsin, penicillin, and
streptomycin were obtained from Hyclone (Logan, USA). The
primary antibodies usedwere anti-Nrf2 (sc-722, SantaCruz), anti-
Keap1 (af5266, Affinity), anti-cleaved caspase3 (af7022, Affinity),
anti-Bcl2 (ab692, Abcam), anti-Bax (ab32503, Abcam), anti-
HistoneH3 (af0863, Affinity), and anti-b-actin (ac006, ABclonal).

HepG2 Cell Culture
HepG2 cells were cultured in DMEM medium supplemented
with 10% FBS and 1% streptomycin and penicillin. The cells were
maintained in a water-jacket CO2 incubator at 37°C with 5%
CO2. In all experiments, the cells were inoculated with an
appropriate density according to the experimental design and
cultured for 24 h before the treatment.

Animal Treatment and Drug Administration
ICR male mice (body weight of 18-22 g) were purchased from
Hunan Slack Jingda Experimental Animal Co., Ltd. (Hunan,
China). The mice were acclimatized for one week and were
maintained under a standard conditioned environment. Water
and normal chow were given ad libitum. Animal care was
following institutional guidelines. The study was approved by
the Institutional Animal Care and Use Committee of Central
South University (Hunan, China). The mice were randomly
divided into vehicle-treated group (control, n=8), crizotinib-
treated group (n=8, 35 mg/kg, twice daily) and sunitinib-
treated group (n=8, 7.5 mg/kg/day, once daily). The mice
received either 0.5% (w/v) carboxymethyl cellulose sodium
once daily, crizotinib twice daily or sunitinib once daily via
intragastric administration for 4 weeks consecutively. After 24 h
of the last treatment, the animals were euthanized, blood samples
were collected and livers were surgically excised and collected in
10% phosphate-buffered formalin for further determination.

Cytotoxicity Assay
HepG2 cells were seeded (5×103 cells/well) in 96-well plates, with
200 mL media per well. Cells were exposed to different
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concentrations of crizotinib (0, 5, 10, 15, 20, 30, 40 mM) or
sunitinib (0, 3.2, 6.6, 13.1, 19.6, 26.1, 39.2, 52.2 mM) for 12, 24,
and 48 h. Cells were incubated with fresh MTT solution (100 mL/
well; stock 5 mg/mL in PBS) for 3-4 h. After the crystal dissolved,
the plates were read on an automated microplate
spectrophotometer (Thermo Multiskan Spectrum, Thermo
Electron Corporation, USA) and absorbance at 570 nm
was measured.

Hepatotoxicity Assessments
After crizotinib and sunitinib treatment of HepG2 cells, the
supernatant was collected and the biochemical parameters
alanine aminotransferase (ALT), aspartic acid transferase
(AST), alkaline phosphatase (ALP) and lactate dehydrogenase
(LDH) were measured by the full-automatic clinical analyzer in
the laboratory of the second Xiangya hospital (7600, HITACHI
Ltd., Tokyo, Japan).

Liver samples of the mice were fixed in 10% phosphate-
buffered formalin and embedded in paraffin. In brief, the liver
tissue was embedded in paraffin, then deparaffinized with xylene,
stained with hematoxylin and eosin, then dehydrated and sealed,
and finally evaluated for damage under light microscopy.

Apoptosis Determined by Annexin V-FITC
and TUNEL Assay
Apoptosis was detected through flow cytometry using FITC
Annexin V Apoptosis Detection Kit (Bestbio, Shanghai,
China). Drug-treated cells (culture in the incubator for 24 h)
were digested by trypsin without EDTA, centrifuged, and
resuspended with PBS for 3 times strictly. The fluorescence
maker was added and cells were incubated in a dark place at
2-8°C for 15 min, followed by sample loading and detection
through flow cytometry. All samples were analyzed within 1 h to
ensure the effect.

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay was conducted with the TUNEL kit
according to the manufacturer’s instructions. In brief, the liver
tissue was embedded in paraffin, then deparaffinized with xylene,
stained with TUNEL reaction mixture, then stained by DAPI
staining and anti-fluorescence quenching were performed.
Finally, the obtained slices were observed and photographed at
a suitable high magnification, with the apoptotic cells appearing
green and the nuclei appearing in blue.

Accumulation of ROS
The level of ROS was determined using the fluorescent probe
DCFH-DA (Beyotime Biotechnology, Shanghai, China). HepG2
cells (3.5×105 cells/well) were treated with different
concentrations of crizotinib (0, 8, 15, 20 mM) or sunitinib (0, 5,
9, 14 mM) for 24 h. After DCFH-DA was added at a final
concentration of 10.0 mM to the culture medium, the
hepatocytes in 24-wells were incubated at 37°C for an
additional 20-30 min, and then washed with PBS, and
measured immediately by fluorescence microscope (Thermo
Electron Corporation, USA). Increased green fluorescence
intensity was used to quantify intracellular ROS production.
Frontiers in Oncology | www.frontiersin.org 3157
Measurement of Glutathione Peroxidase
(GPx), Superoxide Dismutase (SOD) and
Malondialdehyde (MDA)
The extent of oxidative stress was estimated in liver homogenates
by measuring activities of GPx, SOD and MDA using
commercial kits (Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions. GPx is an
important selenoprotein that reduces hydroperoxides as well as
hydrogen peroxide (H2O2) while oxidizing glutathione, which
can protect the structure and function of the cell membrane (20,
21). Briefly, GPx can promote the reaction of H2O2 with reduced
glutathione (GSH) to produce H2O and glutathione oxidized.
The activity of GPx was measured by spectrophotometer assay at
412 nm from the oxidation of GSH in the presence of H2O2 used
as substrate.

The activity of SOD was determined by the xanthine oxidase
(hydroxylamine) method. This redox produced superoxide
which oxidizes hydroxylamine to nitrite by reacting with the
reagent producing a purple-red dye. The absorbance of the color
which was inversely proportional to the SOD activity was
determined by a spectrophotometer at 550 nm (22).

The production of MDA was assessed with the thiobarbituric
acid reactive substances method (TBA). TBA was added to each
sample tube and vortexed. The reaction mixture was incubated at
95°C for 60 min. After cooling, the pink pigment was read
spectrophotometrically at 532 nm (22).

Mitochondrial Membrane Potential (MMP)
Mitochondrial membrane potential assay kit with JC-1
(Beyotime Biotechnology, Shanghai, China) is a fast and
sensitive assay kit that uses JC-1 as a cationic dye to detect
membrane potential changes in cells, tissues or purified
mitochondria, which can be used for early detection of
apoptosis. After the liver tissue was digested, cell precipitation
was collected, then fluorescence probe was loaded and cells were
incubated at 37°C for 20 min, mixed well every 3-5 min, and
washed with dyeing buffer (1×) at 4°C and centrifuged three
times, finally detected by flow cytometry.

Western Blotting
The HepG2 cell and animal liver protein samples were extracted
with enhanced RIPA lysate (Boster, Hubei, China), the
cytoplasmic and nuclear proteins were prepared with the
subcellular structure cell nucleus and cytoplasmic protein
extraction kit (Boster, Hubei, China) according to the
manufacturer’s instruction. The protein concentration of
whole-cell lysates was determined using the BCA method
(Boster, Hubei, China). Protein lysates (15-30 mg) were loaded
on 8-12% SDS-PAGE gels, separated electrophoretically and
transferred to the PVDF membrane. Subsequently, the
membranes were incubated in a blocking solution at room
temperature for 1 h. After blocking, membranes were
separately incubated at 4°C on a rocker with primary
antibodies specific to the protein of interest; these were rabbit
anti-Keap1 antibody (1:1000), anti-cleaved caspase3 antibody
(1:1000), anti-Bax antibody (1:5000), anti-Histone H3 antibody
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(1:1000), anti-b-actin antibody (1:500-1:2000), mouse anti-Nrf2
antibody (1:800), and anti-Bcl2 antibody (1:500). Subsequently,
the membranes were incubated with a suitable HRP-conjugated
secondary antibody (Proteintech, USA) for 1h, and then signal
detection was conducted with an ECL kit (Boster, Hubei, China)
according to the manufacturer’s protocol.

Statistical Analysis
The data were presented as the means ± standard derivation
(SD). The significance of differences between groups was
determined with the one-way analysis of variance (ANOVA)
and SPSS 20.0 software (SPSS Inc., Chicago, IL, USA), and
comparison between two groups was done with an
independent sample t-test. Figures were drawn with GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA).
RESULTS

Crizotinib and Sunitinib Induced
Hepatotoxicity
The results showed that HepG2 cell viability was reduced in a
concentration- and time-dependence manner (Figures 1A, B).
When cells were treated for 24 h, crizotinib 15 mM and sunitinib
9 mM were used in subsequent experiments. The levels of ALT,
AST, and LDH are sensitive markers of hepatocyte damage.
Figure 1C showed that ALT and AST levels increased
Frontiers in Oncology | www.frontiersin.org 4158
significantly in the supernatant from treated HepG2 cells at a
concentration of 15mM and 20 mM, but LDH levels were not
significantly altered in the crizotinib treatment compared to
vehicle. According to Figure 1D, sunitinib treatment
significantly elevated the levels of ALT, AST, and LDH
compared to vehicle.

Serum levels of the hepatic enzymes ALT and ALP were
significantly elevated in crizotinib-treated group, while the levels
of ALT and LDH were significantly elevated in animals treated
with sunitinib compared to the control group (Figure 2A). Also,
histopathological analysis of liver sections from the crizotinib
group (Figure 2B-b) showed small pockets of inflammatory cells
infiltrate around the hepatic lobules and the central veins,
compared with those of the control group (Figure 2B-a). More
hepatocyte edema, cytoplasm loose light dye, and a small amount
of hepatocyte edema to balloon-like degeneration, cell swelling,
cytoplasmic cavitation (Figure 2B-c), and a small amount of
focal lymphocyte infiltration (Figure 2B-d) were seen in the
sunitinib group, but not in the control group. These findings
support drug-induced liver injury for animals treated with
crizotinib and sunitinib in vivo.

Hepatotoxicity Induced by Crizotinib and
Sunitinib Is Mediated by Cell Apoptosis
and Necrosis
As shown in Figure 3A, an upward tendency pattern was
apparent, when the HepG2 cells were treated with different
A B

DC

FIGURE 1 | The hepatotoxicity of crizotinib and sunitinib in vitro. (A, B) Cytotoxicity of crizotinib or sunitinib alone at the various concentration for 12, 24 and 48 h in
HepG2 cells (n=5-6). (C, D) ALT, AST and LDH levels in the supernatant following HepG2 cell treatment with crizotinib or sunitinib at different concentrations for 24 h
(n = 3). *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). ALT, alanine aminotransferase; AST, aspartic acid transferase; LDH, lactate
dehydrogenase.
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concentrations of crizotinib (0, 8, 15, 20, 25 mM) for 24 h, which
supported the hypothesis that crizotinib induced hepatocyte
apoptosis and/or necrotic. Subsequently, a time-dependent
increase was observed, and HepG2 cells treated for 24 h and
48 h with crizotinib showed greater apoptosis and/or necrosis
(Figure 3C). The percentage of cells undergoing apoptosis and/
or necrosis in crizotinib-treated hepatocytes increased
dramatically compared with non-treated cells (Figures 3B, D).
Activation of caspase 3 is the most critical apoptotic executive
event in apoptosis. Sunitinib was associated with a significant
concentration-dependent increase in cleaved caspase 3 starting at
9 mM (Figure 3E). Moreover, Z-VAD-FMK, an irreversible pan-
caspase inhibitor, was applied to block apoptosis. The results
showed that Z-VAD-FMK increased cell viability and relieved
drug-induced toxicity to HepG2 cells, as shown in Figures 3F, G.

As shown in Figures 4A, B, the number of TUNEL-positive
cells in the liver tissue of ICR mice increased significantly after
crizotinib and sunitinib treatment. When crizotinib and
sunitinib were applied to mice, the expression of cleaved
caspase 3 was increased significantly, which was consistent
with the results of TUNEL assay (Figures 4C, D). These
results further revealed that apoptosis and/or necrosis
cont r ibu ted to cr i zo t in ib- and sun i t in ib- induced
hepatocyte death.

Crizotinib and Sunitinib Induced
Oxidative Stress
As shown in Figures 5A, B, treatment with crizotinib or
sunitinib (24 h) increased the production of ROS in a
concentration-dependent manner compared with control cells.
As shown in Figure 6, a significant reduction in the activity of
GPx was found in both crizotinib- and sunitinib-treated animals
compared to the control group. However, accumulation of MDA
and a decrease of the activity of SOD were significantly observed
in the sunitinib but not crizotinib treatment group. Accordingly,
The function of the endogenous antioxidant defense system is
impaired as demonstrated by a decrease of SOD activity and an
Frontiers in Oncology | www.frontiersin.org 5159
increase of MDA which cannot remove ROS effectively leading
to the accumulation of ROS in the liver tissues of mice.
Subsequently, we investigated the changes in the Keap1/Nrf2
pathway which played an important role in oxidative stress.
When HepG2 cells were exposed to crizotinib or sunitinib for
24 h, the protein expression of total Keap1 was down-regulated
while nuclear Nrf2 was up-regulated (Figures 7A, B). Similar to
in vitro findings, crizotinib- and sunitinib-treated animal groups
showed down-regulation and up-regulation for the expression of
Keap1and nuclear Nrf2, respectively (Figures 7C, D).

The Mitochondrial Dysfunction Was
Involved in Crizotinib- and Sunitinib-
Induced Hepatotoxicity
Mitochondria are a crucial component of the intrinsic pathway
of apoptosis, a major mechanism of drug-induced cytotoxicity.
MMP is an important indicator of mitochondrial function. In
Figure 8, red fluorescence represents JC-1 aggregates in the
normal mitochondria whereas green fluorescence represents JC-
1 monomer indicating MMP dissipation. When the ratio of red-
to-green fluorescence intensity decreases, it indicates a loss of
MMP that is widely probed by JC-1 staining. In vivo, flow
cytometry results showed that the ratio of JC-1 aggregates/JC-
1-monomer was reduced in the crizotinib- and sunitinib-treated
groups, indicating the impairments of MMP (Figures 8A, B).
Also, crizotinib and sunitinib altered the balance between the
anti-apoptotic protein Bcl2 and the pro-apoptotic protein Bax on
the mitochondrial membrane (Figures 9A, B). In vivo, compared
with the untreated group, crizotinib and sunitinib induced a
concentration-dependent decrease in the Bcl2/Bax ratio
(Figures 9C, D).
DISCUSSION

Small molecule kinase inhibitors, such as tyrosine kinases
inhibitors (TKIs), which are designed to inhibit the action of
A B

FIGURE 2 | The hepatotoxicity of crizotinib and sunitinib in vivo. (A) Blood levels of different liver enzymes in male ICR mice after the administration of crizotinib or
sunitinib treatment (n = 8). (B) Histopathological analysis of liver micro-tissues from animals in the different experimental groups. Representative images from: (a)
control group; (b) crizotinib-treated animals, 70 mg/kg/day; (c, d) sunitinib-treated animals, 7.5 mg/kg/day. Magnification of photomicrographs at 20x. **P < 0.01 or
***P < 0.001 (the crizotinib or sunitinib alone vs. control). ALT, alanine aminotransferase; AST, aspartic acid transferase; ALP, alkaline phosphatase; LDH, lactate
dehydrogenase.
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FIGURE 3 | Crizotinib and sunitinib induced apoptosis in HepG2 cells. Following treatment of cells with increasing doses of crizotinib for 24 h (A) and increasing
administration time of crizotinib 15 µM (C), cell apoptosis was measured by Annexin V−FITC/PI double staining assay. In the flow cytometry plot, live, early apoptotic,
late apoptotic and necrotic cells were shown in the lower left, lower right, upper right and upper left quadrants, respectively. (B) Quantification of experiments shown
in (A). (D) Quantification of experiments shown in (C). (E) Western blot analysis for the level of cleaved caspase 3 after sunitinib exposure for 24 h (n=3). (F) The cell
survival rate for HepG2 cells after treatment with crizotinib or sunitinib with or without Z-VAD-FMK. Cell viability was measured by the MTT assay, and (G) The levels
of ALT, AST, and LDH in the supernatant of HepG2 cells treated with crizotinib or sunitinib with or without Z-VAD-FMK (n=3). In these experiments, cells were
pretreated with Z-VAD-FMK 50 mM for 24 h before crizotinib (15 mM) or sunitinib (9 mM) treatment. *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib
alone vs. control). ##P < 0.01 ###P < 0.001 (the crizotinib or sunitinib alone vs. the crizotinib or sunitinib pretreated with Z-VAD-FMK). ALT, alanine aminotransferase;
AST, aspartic acid transferase; LDH, lactate dehydrogenase.
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mutated or over-expressed tyrosine kinases in cancer cells, have
improved the management of cancers and significantly extended
survival in cancer patients compared with traditional
chemotherapy agents (23). However, unexpected toxic reaction
of hepatotoxicity has been reported for several TKIs, including
imatinib, gefitinib, sunitinib, crizotinib, lapatinib, pazopanib,
ponatinib, and regorafenib (11, 24, 25). As of October 2019,
the FDA has approved 53 small molecule kinase inhibitors, seven
(sunitinib, lapatinib, pazopanib, regorafenib, ponatinib,
idelalisib, pexidartinib) of which had a black box warning of
liver toxicity, and twenty-nine of which had warnings and
precautions for hepatotoxicity in their product labeling (26).
Many case reports demonstrated that crizotinib and sunitinib
induced hepatotoxicity, even acute liver failure (ALF) (27–29).
However, dose adjustment or drug discontinuation are the
common strategies to reduce or manage hepatotoxicity
induced by crizotinib or sunitinib. Also, alternative agents such
as alectinib though belongs to the same drug class, could be a
Frontiers in Oncology | www.frontiersin.org 7161
choice in cases of crizotinib-induced liver toxicity, however more
evidence is awaited (28). Thus, monitoring of liver function is
recommended for patients using crizotinib or sunitinib,
especially in patients with liver impairment or those using
antisecretory drugs (30). Furthermore, applying the above-
described measures may contribute to treatment failure and
tumor progression in some cases. A limited number of
systematic studies described the molecular mechanism(s)
assoc ia ted with cr izot in ib- and suni t in ib- induced
hepatotoxicity. Therefore, it is necessary to elucidate the
molecular mechanisms and pathways associated with
crizotinib- and sunitinib-induced liver toxicity.

In this study, we established an animal model that mimicked
the clinical dose and duration of administration of crizotinib and
sunitinib to investigate their hepatotoxicity. In addition, HepG2
cells are a well-characterized human cell system suitable for
investigating mitochondrial drug toxicity (31, 32). Findings from
our study demonstrated that crizotinib and sunitinib treatment
A

B
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FIGURE 4 | Crizotinib and sunitinib induced apoptosis in vivo. (A) The ICR mice hepatocyte apoptosis in liver tissue (TUNEL, 20×). The blue fluorescence indicates
nuclei, and the green fluorescence indicates apoptotic cells. (B) TUNEL-positive cells were quantified. (C, D) The protein expression of cleaved caspase 3 in ICR
mice treated with vehicle, crizotinib, or sunitinib treatment (n = 6). *P < 0.05 or **P < 0.01 (the crizotinib or sunitinib alone vs. control).
January 2022 | Volume 12 | Article 749954

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Crizotinib- and Sunitinib-Induced Hepatotoxicity
reduced viability of HepG2 cells and induced liver toxicity in
animal model. A study indicated that the pattern of liver injury in
patients receiving TKIs is typically hepatocellular (29), so we
investigated the main way of hepatocyte death caused by
crizotinib and sunitinib. Apoptosis and necrosis are the two
major forms of cell death, which are relevant to drug-induced
liver injury (33, 34). In our study, the flow cytometry results
demonstrated that the percentage of HepG2 cells undergoing
apoptosis or necrosis is increased in crizotinib-treated cells when
compared with the untreated hepatocytes, consistent with
previously published reports (14, 15, 35). Although sunitinib
cannot be treated with fluorescent dyes to investigate apoptosis
because of autofluorescence, Western blotting demonstrated that
the level of cleaved caspase 3 increased in HepG2 cells and liver
Frontiers in Oncology | www.frontiersin.org 8162
tissue after both crizotinib and sunitinib treatment. Meanwhile,
the results of crizotinib- and sunitinib-mediated apoptosis were
also confirmed by TUNEL assay in vivo. In addition, Z-VAD-
FMK, the caspase inhibitor, effectively protected from drug-
induced liver cell death and reduced the release hepatic
enzymes ALT, AST, and LDH caused by crizotinib and sunitinib.

Mitochondria play an important role in oxidative stress and the
intrinsic apoptotic pathway (36). Bcl2 and Bax proteins are
important regulators factors of MMP. Bcl2/Bax ratio can control
the release of cytochrome C from mitochondria and the activation
of downstream caspase 3 to promote cell survival or apoptosis (37,
38). Previous studies indicated that crizotinib dissipated MMP
starting at high concentrations (starting at 50 mM) and inhibited
glycolysis only weakly when applied to HepG2 cells (14), and MMP
A

B

FIGURE 5 | (A, B) Crizotinib and sunitinib increased ROS levels in HepG2 cells (n = 3). The intracellular ROS levels were measured using DCFH-DA. The
microscopic images of the intensity of DCH fluorescence of respective experimental group (magnification ×200).
FIGURE 6 | The activity assay of hepatic GPx, SOD and MDA in mice treated with crizotinib or sunitinib (n = 6-8). *P < 0.05 and **P < 0.01 (the crizotinib or sunitinib
alone vs. control). GPx, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde.
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was not affected in rat liver mitochondria (13). Notably, we found
that crizotinib could dissipate the MMP by decreasing the
expression of Bcl2/Bax in the liver tissue. In addition, an in vitro
study reported that sunitinib has mitochondrial toxicity, which
reduced the MMP starting at 1 mM in HepG2 cells and after
exposure for 15 min at 10 mM in isolated mouse liver mitochondria
(19). However, there were other reports that sunitinib did not
disrupt the MMP of rat heart mitochondria (39), mouse liver
mitochondria (40), and isolated rat liver mitochondria (13). In
our study, after sunitinib treatment, the MMP of liver tissue
Frontiers in Oncology | www.frontiersin.org 9163
dissipated significantly and the expression of Bcl2/Bax decreased
significantly. The different findings can be explained by differences
in the experimental models and settings applied according to Peach
et al. (17). Taken together, our findings demonstrate regulatory roles
for Bcl2 and Bax in altering MMP in crizotinib- and sunitinib-
induced mitochondrial apoptotic pathway.

In a case report by Kreitman et al., treatment with N-
acetylcysteine (NAC), a ROS scavenger, partially restored liver
function tests to normal level and partially relieved ALF induced
by crizotinib in a patient (27). In line with this, we previously
A B
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FIGURE 7 | Involvement of the Nrf2 pathway in crizotinib- or sunitinib-mediated hepatotoxicity in vitro and in vivo. (A, B) The protein expression of Keap1 and
nuclear Nrf2 in HepG2 cells (n = 3). (C, D) The hepatic Keap1 and nuclear Nrf2 protein levels in mice treated with crizotinib or sunitinib alone (n = 6). b-actin: loading
control of total protein; Histone H3: nuclear loading control. *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). Keap1, Kelch-like ECH-
associated protein-1; Nrf2, Nuclear factor erythroid-2 related factor 2.
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indicated that NAC treatment decreased hepatocyte damage
induced by crizotinib and sunitinib in HL7702 cells (35).
Therefore, the results of these efforts indicated that the
underlying mechanism might be related to oxidative stress.
Oxidative stress results from an imbalance between ROS and
antioxidants, which has long been recognized as a critical
pathogenic factor in acute injury, including acute kidney injury
and acute liver injury (41, 42). The overproduction of ROS can
reduce the content of GPx and SOD which are two major
antioxidant enzymes to reduce oxidative stress. Meanwhile, high
levels of ROS can cause lipid peroxidation to damage cellular
membranes, and MDA is a significant marker of lipid
peroxidation (43). Our research revealed that crizotinib and
sunitinib significantly increased the level of ROS in a
concentration-dependent manner in HepG2 cells, and markedly
reduced the content of GPx and SOD, and increased MDA in liver
tissue. However, the change of ROS was not statistically significant
in experimental animals. Possible reasons for the variability in
results might include differences in animal models used, the drug
dose used, and the experimental assays used to detect ROS in
isolated liver mitochondria. These results demonstrate that the
imbalance between ROS and antioxidative function leads to
oxidative stress, which contributes to hepatocyte damage.

Currently, strategies for the prevention and treatment of
hepatotoxicity induced by TKIs are very limited, and it is necessary
Frontiers in Oncology | www.frontiersin.org 10164
to find the key targets in TKIs-induced liver injury. Nrf2, which is an
imperative redox-sensitive transcription factor targeting of
elimination of ROS, and its activation is widely thought to alleviate
the liver diseases triggered by oxidatie stress (44, 45). Under stress
conditions, Nrf2 dissociates from Keap1, translocates to the nucleus
and binds to antioxidant response elements, which results in the
expression of diverse antioxidant and metabolic genes to relieve
oxidative stress (46, 47). Importantly, we first found that low doses
of crizotinib and sunitinib activated the Keap1/Nrf2 signaling
pathway in vitro and in vivo to alleviate self-induced hepatotoxicity,
which is following previously published papers on drug-induced liver
injury (42, 48, 49). Therefore, our findings indicated that the
activation of the Keap1/Nrf2 signaling pathway could be a potential
therapeutic target for TKIs in the treatment of liver injury.
CONCLUSIONS

The results show that crizotinib and sunitinib induce hepatic
oxidative stress and apoptosis that lead to hepatotoxicity. The
activation of the Keap1/Nrf2 signaling pathway was involved in
crizotinib- and sunitinib-induced oxidative stress, which might
partially protect against their induced oxidative damage.
However, the specific mechanism underlying the relationship
between crizotinib- and sunitinib-induced oxidative stress and
A
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FIGURE 8 | Crizotinib and sunitinib disrupt MMP in liver tissue. (A) Treatment with crizotinib or sunitinib decreased MMP in animals treated for 4 weeks compared
to the control group as measured by flow cytometry and JC-1 staining. Red fluorescence represents JC-1 aggregates in the normal mitochondria whereas green
fluorescence represents JC-1 monomer indicating MMP dissipation. (B) Quantification of high- and low-MMP cells in liver tissue (n = 8). *P < 0.05 (the crizotinib or
sunitinib alone vs. control). MMP, mitochondrial membrane potential.
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mitochondrial apoptotic pathway requires further investigations.
Therefore, we will continue to explore additional biomarkers for
hepatotoxicity and other potential signaling pathways associated
with crizotinib- and sunitinib-induced liver injury.
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Epidermal growth factor receptor (EGFR) inhibitors are widely used to treat various types
of cancers such as non-small cell lung cancer, head and neck cancer, breast cancer,
pancreatic cancer. Adverse reactions such as skin toxicity, interstitial lung disease,
hepatotoxicity, ocular toxicity, hypomagnesemia, stomatitis, and diarrhea may occur
during treatment. Because the EGFR signaling pathway is important for maintaining
normal physiological skin function. Adverse skin reactions occurred in up to 90% of
cancer patients treated with EGFR inhibitors, including common skin toxicities (such as
papulopustular exanthemas, paronychia, hair changes) and rare fatal skin toxicities (e.g.,
Stevens–Johnson syndrome, toxic epidermal necrolysis, acute generalized
exanthematous pustulosis). This has led to the dose reduction or discontinuation of
EGFR inhibitors in the treatment of cancer. Recently, progress has been made about
research on the skin toxicity of EGFR inhibitors. Here, we summarize the mechanism of
skin toxicity caused by EGFR inhibitors, measures to prevent severe fatal skin toxicity, and
provide reference for medical staff how to give care and treatment after adverse
skin reactions.

Keywords: EGFR inhibitors, lethal skin toxicities, drug induced disease, treatment strategies, preventive measures
INTRODUCTION

The epidermal growth factor receptor (EGFR, also named HER1) is a 170 kDa transmembrane
glycoprotein receptor that is coded by the c-erbB1 proto-oncogene located on the human 7q22
chromosome (1). Asparagine-linked glycosylation is a post-translational modification necessary for
its active function (2). EGFR is a member of the ErbB receptor family of tyrosine protein kinases,
which also includes ErbB-2 (HER2), ErbB-3 (HER3), and ErbB-4 (HER4) (3). EGFR is highly
expressed in lung cancer (4), breast cancer, human glioblastoma (5), gastric carcinoma (3), rectal
cancer, and head and neck cancer (6) compared to healthy tissues. The EGFR signaling pathway is
involved in normal biological processes of cells, and the destruction of the dynamic balance will lead
to pathological changes in healthy tissues. Overexpression of EGFR promotes cell proliferation,
adhesion, metastasis, and angiogenesis and inhibits apoptosis, all of which can induce tumorigenesis
(7). Therefore, EGFR inhibitors have been utilized for cancer treatment.
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EGFR inhibitors are divided into monoclonal antibodies
(mAb) and small molecule intracellular tyrosine kinase
inhibitors (TKIs). EGFR mAb competitively inhibit ligand
binding to EGFR extracellular domain with higher affinity than
ligand to reduce EGFR signaling pathway activity (8). The small
molecule EGFR-TKIs are ATP analogs that competitively bind to
the intracellular catalytic domain of EGFR, which blocks ATP-
mediated phosphorylation (9). Although EGFR inhibitors have
good efficacy for a variety of tumors, adverse reactions such as
skin toxicity, interstitial lung disease, hepatotoxicity, ocular
toxicity, hypomagnesemia, stomatitis, and diarrhea may occur
during treatment (10). These adverse reactions lead to organ,
tissue, and system damage, resulting in corresponding drug
induced diseases. Finally reduce patient compliance and even
lead to the withdrawal of antitumor drugs. Skin toxicities is
one of the most common adverse reactions caused by
EGFR inhibitors

These skin toxicities may result in fatal complications if they
are ignored (11). Doctors, pharmacists, and nurses must consider
how to avoid severe skin toxicity in their patients and determine
which patients would be prone to fatal skin toxicity.
Understanding the molecular and cellular mechanism of skin
toxicity and the relationship between skin toxicity and drug
efficacy is essential for safe, effective, and rational use of EGFR
inhibitors. Here, we focus on the mechanism of skin toxicity and
fatal skin toxicity caused by EGFR inhibitors and clinical
countermeasures as a mean to alleviate adverse reactions and
ultimately achieve the purpose of reducing adverse emotions of
the patients during the treatment phase, improving medication
compliance, and effectively treating related cancers.
ACTIVATION MECHANISM OF EGFR
SIGNALING PATHWAY

The four members of the human ErbB family have similar
structures that are divided into the extracellular domain,
transmembrane domain, cytoplasmic domain, and C-terminal
tail domain (3). Mature EGFR consists of 1186 amino acid
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residues and is divided into three parts from N-terminal to
C-terminal: extracellular domain (621 amino acids),
hydrophobic lipophilic short transmembrane domain (23
amino acids), and cytoplasmic domain (542 amino
acids) (Figure 1).

The extracellular region of EGFR can be subdivided into four
domains: I, II, III, and IV. Domains I (amino acids 1-133, exons 1-4)
and III (amino acids 313-445, exons 8-12) are rich in leucine and are
the main fragments involved in ligand binding in the extracellular
domain (7). Domains II (amino acids 134-312, exons 5-7) and IV
(amino acids 446-621, exons 13-16) contain 51 cysteine residues
and are not involved in ligand binding. However, domain II is
involved in the formation of homodimers and heterodimers with
other members of the ErbB family (7, 12, 13).

The specific ligands of EGFR include epidermal growth factor
(EGF), transforming growth factor-a, and amphiregulin, while
non-specific ligands include epiregulin, betacellulin, heparin
binding EGF-like growth factor, and epiregulin (14, 15). EGF,
the ligand of EGFR, was first isolated from the mouse
submandibular gland and is associated with epidermal
proliferation and keratinization (16). Asparagine-linked
glycosylation is a post-translational modification necessary for
functional EGFR, and the extracellular domain of EGFR contains
12 sites for asparagine-linked glycosylation (2, 12). The
transmembrane domain of EGFR (amino acids 622-644, exon
17) serves to link the two functional domains of the extracellular
and cytoplasmic domains (13). The cytoplasmic domain of
EGFR (amino acids 645-1186, exons 18-28) includes a tyrosine
kinase domain (exons 18-24) and C-terminal tail (exons 25-28).
The tyrosine kinase domain can be subdivided into the N-lobe
and C-lobe. ATP binds to the gap formed by the two lobes.
EGFR-TKIs inhibit the activation of tyrosine kinase and
subsequent signaling pathways by competitively binding the
ATP-binding site of the tyrosine kinase domain (17–19).

EGFR is activated in four phases (7, 20–22) (Figure 2):
1) The ligand binds to the extracellular domain of EGFR;
2) Homodimerization or heterodimerization with ErbB-2,
ErbB-3, and ErbB-4 (also known as HER-2, HER-3, and
HER-4, respectively) occurs. ErbB-2 is the most common
FIGURE 1 | Epidermal growth factor receptor structure. EGF, epidermal growth factor; TGF-a, transforming growth factor-a; AREG, amphiregulin; EREG, epiregulin;
BTC, betacellulin; HB-EGF, heparin binding epidermal growth factor-like growth factor; EPI, epiregulin.
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heterodimerization partners of EGFR; 3) Autophosphorylation of
tyrosine residues in the cytoplasmic domain occurs; 4) The
activation of the intracellular signaling pathway occurs, which
regulates cell proliferation, migration, differentiation, and apoptosis.
EGFR INHIBITORS USED CLINICALLY

At present, there are four generations of EGFR-TKIs (Table 1)
and multiple EGFR-mAbs (Table 2) that have been developed,
such as cetuximab, panitumumab, zalutumumab, and
nimotuzumab. The chemical formula of EGFR-TKIs for
clinical use is shown in Figure 3.
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The first-generation EGFR-TKIs includes gefitinib, erlotinib,
lapatinib, and icotinib. Gefitinib was the first agent designed to
receive approval from the United States Food and Drug
Administration (FDA) for the treatment of lung cancer (62,
63). Gefitinib was considered to be safe and effective for adjuvant
treatment of operable stage II-IIIA non-small cell lung cancer
(NSCLC) in addition to the treatment of conventional mutated
NSCLC (64, 65). Seong et al. (28) reported a rare case of
necrolytic migratory erythema during the use of gefitinib.
Gefitinib has also been reported to cause fatal skin toxicity
such as toxic epidermal necrolysis (TEN) (26) and acute
generalized exanthematous pustulosis (AGEP) (25). Although
gefitinib shows excellent antitumor effects, it was eventually
FIGURE 2 | Epidermal growth factor receptor activation mechanism. EGFR-mAb: Cetuximab, panitumumab, zalutumumab, nimotuzumab; EGFR-TKIs:
gefitinib, erlotinib, lapatinib, icotinib, neratinib, dacomitinib, afatinib, olmutinib, osimertinib, furmonertinib mesylate, brigatinib; JNK, jun amino-terminal
kinase; JAK, janus activated kinase; STAT, signal transducer and activator of transcription; PLC-g1, phospholipase C-g1; PKC, protein kinase C; MAPK,
mitogen-activated protein kinase; PI3K, phosphatidylinositol-3- kinase; mTOR, mammalian target of rapamycin; AKT, protein kinase B; RAS, rat sarcoma
virus gene homolog; RAF, rapidly accelerated fibrosarcoma serine/threonine kinase; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-
regulated kinase; EGF, epidermal growth factor; TGF-a, transforming growth factor-a; AREG, amphiregulin; EREG, epiregulin; BTC, betacellulin; HB-EGF,
heparin binding epidermal growth factor-like growth factor; EPI, epiregulin; EGFR, epidermal growth factor receptor; HER, human epidermal growth factor
receptor; mAb, monoclonal antibody; TKIs, tyrosine kinase inhibitors.
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discontinued due to these severe skin toxicities. Erlotinib, a
derivative of quinazoline was approved by the FDA on
November 18, 2004 for use in NSCLC with exon 19 deletion
(del19) or exon 21 point mutation (L858R) (66). Erlotinib often
causes papulopustular exanthemas characterized by pruritus
(67). Lapatinib (GW572016) is an ATP-competitive, reversible
small-molecule inhibitor of ErbB-2 and EGFR tyrosine kinases
Frontiers in Oncology | www.frontiersin.org 4171
that has been approved for the treatment of patients with
metastatic breast cancer (68–71).

The mutation of amino acid 790 from threonine to
methionine (T790M) increases the affinity of EGFR for ATP,
which competitively reduces the efficacy of EGFR-TKIs.
Therefore, EGFR (T790M) is one of the reasons for resistance
to first-generation EGFR-TKIs (68, 72). In order to overcome
TABLE 1 | Clinically used EGFR-TKIs.

Classification Molecular mechanism Drug name Targets Clinical
application

Severe skin
toxicity (reference)

First
generation
EGFR-TKIs

The first generation EGFR-TKIs can reversibly inhibit EGFR
phosphorylation by competitive binding of tyrosine kinase catalytic
structure with ATP through noncovalent bonds (23)

Gefitinib
(ZD1839)

EGFR NSCLC (24) AGEP (25); TEN
(26, 27); NME (28)

Erlotinib (CP-
358774)

EGFR; EGFR (del19);
EGFR (L858R)

NSCLC;
Pancreatic
cancer (29)

SJS (30); TEN
(31); AGEP (32)

Lapatinib
(GW572016)

EGFR; HER2 Breast
cancer (33)

AGEP (34)

Icotinib (BPI-
2009)

EGFR (T790M); EGFR
(L858R); EGFR
(L861Q)

NSCLC (35) DIHS (35)

Second
generation
EGFR-TKIs

The second generation of EGFR-TKIs irreversibly inhibits multiple ErbB
receptors by competitively binding to the tyrosine kinase catalytic domain
with ATP via a covalent bond (36)

Neratinib
(HKI-272)

EGFR; HER2; HER4 Breast
cancer (37)

Dacomitinib
(PF-
00299804)

EGFR; EGFR (del19);
EGFR (L858R); HER2;
HER4 (38);

NSCLC (24)

Afatinib (BIBW
2992)

EGFR; EGFR (L858R);
HER2; HER4

NSCLC (39) SJS (40); DIHS
(41); SJS/TEN
(42); SJS (39)

Third
generation
EGFR-TKIs

The third generation of EGFR-TKIs covalently binds to the ATP-binding
site, CYS797, of the EGFR tyrosine kinase domain (43, 44)

Olmutinib
(HM61713/
BI1482694)

EGFR; EGFR (del19);
EGFR (L858R); EGFR
(T790M)

NSCLC (45) SJS/TEN (45)

Osimertinib
(AZD9291)

EGFR; EGFR (del19);
EGFR (L858R); EGFR
(T790M)

NSCLC (46) SJS (47); TEN
(48)

Furmonertinib
mesylate
(AST2818)

EGFR (del19); EGFR
(L858R); EGFR
(T790M)

NSCLC (49)

Fourth
generation
EGFR-TKIs

The fourth generation of EGFR-TKIs irreversibly binds to the ATP binding
pocket of C797S/T790M/activating mutation (triple mutation) of EGFR (50)

Brigatinib
(AP26113)

EGFR; ALK; ROS1;
IGF-1R; FLT-3

ALK-positive
NSCLC (51)
February 20
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Del19, exon 19 deletion; L858R, exon 21 mutations; T790M, mutation of the 790th amino acid threonine of EGFR to methionine; C797S, cysteine is replaced by serine at position 797;
EGFR, epidermal growth factor receptor; TKIs, tyrosine kinase inhibitors; NSCLC, non-small cell lung cancer; AGEP, acute generalized exanthematous pustulosis; TEN, toxic epidermal
necrolysis; NME, necrolytic migratory erythema; SJS, Stevens-Johnson syndrome; HER, human epidermal growth factor receptor; DIHS, drug-induced hypersensitivity syndrome; ALK,
anaplastic lymphoma kinase; IGF-1R, insulin-like growth factor-1 receptor; FLT-3, fms-like tyrosine kinase 3; Ig, immunoglobulin; mCRC, metastatic colorectal cancer.
TABLE 2 | Clinically used EGFR-mAbs.

Classification Molecular mechanism Drug name Targets Clinical
application

Severe skin
toxicity

(reference)

EGFR-mAb Cetuximab is a chimeric IgG1 mAb that competes with endogenous ligands to bind
to the extracellular domain of EGFR (52)

Cetuximab
(IMC-C225)

EGFR Head and neck
cancer (52); mCRC
(53)

SJS (25)
TEN (54)

Panitumumab is a fully human IgG2 mAb that competitively inhibits endogenous
ligand binding to the extracellular domain of EGFR (55)

Panitumumab
(ABX-EGF)

EGFR mCRC (55) SJS (56)

Zalutumumab is a fully human IgG1 mAb that targets the ligand-binding extracellular
domain III of EGFR (57)

Zalutumumab
(HuMax-EGFr)

EGFR HNSCC (58)

Nimotuzumab is a humanized IgG1 mAb that competitively binds to the extracellular
domain III (amino acids 353-358) of EGFR with ligands (59, 60)

Nimotuzumab
(h-R3)

EGFR HNSCC (53) NPC
(61)
2 | A
EGFR, epidermal growth factor receptor; mAb, monoclonal antibody; SJS, stevens-Johnson syndrome; TEN, toxic epidermal necrolysis; Ig, immunoglobulin; mCRC, metastatic colorectal
cancer; HNSCC, head and neck squamous cell carcinoma; NPC, nasopharyngeal carcinoma.
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drug resistance, the second-generation EGFR-TKIs, afatinib and
dacomitinib, were developed (73). Dacomitinib was approved by
the FDA on September 27, 2018 for the treatment of NSCLC
patients with EGFR del19 or exon 21 L858R mutations (73).
However, second-generation EGFR-TKIs were not able to be
administered at full strength to inhibit T790M mutant lung
cancer due to adverse side effects, such as rash caused by
inhibition of normal cells (23). Ding et al. (74) concluded in a
meta-analysis of clinical trials that afatinib resulted in a higher
risk of rash than erlotinib or gefitinib.

In order to overcome the resistance of first and second-
generation EGFR-TKIs, the third-generation EGFR-TKIs were
Frontiers in Oncology | www.frontiersin.org 5172
developed. Osimertinib was approved by the FDA in 2015 to
treat NSCLC patients with the EGFR T790M mutation (75, 76).
In March 2021, furmonertinib mesylate was first approved in
China for the treatment NSCLC patients with the EGFR T790M
mutation (49). Osimertinib is no longer the only third
generation EGFR-TKIs approved for the treatment of EGFR
T790M mutant NSCLC. However, during the application of the
third-generation EGFR-TKIs, a cysteine-to-serine mutation
(C797S) occurred at C797 in the kinase binding site. The
C797S mutation blocks the formation of a covalent bond at
797, which ultimately reduced the efficacy of the third-
generation EGFR-TKIs (77, 78).
A B C D

E F

I J

G H

FIGURE 3 | Chemical formula of clinically used EGFR-TKIs. (A–D) are the first generation EGFR-TKIs; (E–G) are the second generation EGFR-TKIs; (H, I) are the
third generation EGFR-TKIs; (J) is the fourth generation EGFR-TKIs.
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EGFR C797S is the most common tertiary mutation in
patients with T790M-positive NSCLC treated with third-
generation EGFR-TKI osimertinib. In order to overcome the
EGFR C797S mutation, brigatinib was developed as a fourth-
generation EGFR-TKI. It is effective against the EGFR C797S-
T790M-del19 triple mutant (79). Brigatinib received approval for
the treatment of anaplastic lymphoma kinase-positive metastatic
NSCLC patients who had progressive disease while taking
crizotinib or who were intolerant to crizotinib (80).
CELLULAR AND MOLECULAR
MECHANISM OF SKIN TOXICITY CAUSED
BY EGFR INHIBITORS

Skin is the first line of defense against the invasion of external
pathogens. Skin structure from the outside to the inside is the
epidermis, dermis, and subcutaneous tissue. The skin contains
accessory organs such as nails, sebaceous glands, sweat glands,
hair follicles, cutaneous nerves, and subcutaneous blood vessels.
EGFR is widely expressed in skin keratinocytes, dendritic cells,
connective tissue cells, and skin appendage organelles (e.g.
sebaceous glands, sweat glands, and hair follicles) and
associated with proliferation, apoptosis, migration, and
differentiation of normal cells (81–84). Normal activation of
EGFR signaling promotes wound healing, inhibits inflammation,
and stimulates capillary constriction (85).

EGFR is widely distributed in the skin, and skin toxicity is one
of the most common adverse reactions for EGFR inhibitor
treatment. EGFR-mAbs generally produce more severe skin
toxicity than EGFR-TKIs (14). Rare purpuric drug eruptions
have been reported when using EGFR-TKIs such as gefitinib,
erlotinib and afatinib. The main clinical manifestations are
purpuric macules, papules, and confluent plaques on the lower
extremities. These adverse side effects occur because blocking
EGFR leads to endothelial inflammation, decreased vascular
tone, and ultimately increased vascular permeability (86).
Besides the common rash, rare severe lethal skin toxicities
from EGFR inhibitors, such as Stevens-Johnson syndrome
(SJS), TEN, and AGEP, are often important causes of drug
discontinuation. SJS (10% mortality) and TEN (50% mortality)
are two related skin and mucosal diseases caused by delayed drug
hypersensitivity. They are characterized by extensive epidermal
necrosis and skin detachment (the range of detached surface
area:SJS < 10%, TEN > 30%, and SJS/TEN = 10%-30%) (87, 88).
AGEP is characterized by the formation of sterile non-follicular
pustules on the base of the erythema, often accompanied by
neutrophilia and fever, which can involve multiple organs in
severe cases and may be life-threatening in approximately 4% of
patients (25, 89).

Because EGFR homodimers are typically associated with
normal skin tissue and primary keratinocytes (90), it is
speculated that EGFR inhibitors block activation of EGFR due
to the inability of EGFR to homodimerize. Therefore, skin
toxicity in normal cells occurs. However, the pathophysiology
and mechanisms of skin toxicity caused by EGFR inhibitors have
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not been fully elucidated. We explain the causes of skin toxicity
caused by EGFR inhibitors from the following four aspects:
destruction of the physical barrier of the skin by damage to the
epidermal layer, damage of hair follicles, destruction of skin
homeostasis, inflammation, and host immune activation,
and radiotherapy.

Destruction of the Physical Barrier of the
Skin by Damage to the Epidermal Layer
Keratinocytes stratify into enucleated flattened surface squames
to form a skin barrier that moisturizes and isolates pathogens.
The barrier is maintained by the precise proliferation and
differentiation of keratinocytes (91, 92). EGF promotes
keratinocyte proliferation by increasing Ki67 and filaggrin
expression through the rapidly accelerated fibrosarcoma serine/
threonine kinase/mitogen-activated protein kinase kinase/
extracellular signal-regulated kinase signaling pathway (93). In
addition, EGFR regulates the terminal differentiation of
keratinocytes through the phospholipase C-g1-protein kinase C
pathway to maintain and continuously regenerate the epidermal
barrier (94). EGFR inhibitors can lead to destruction of physical
and immune balance barriers in the epidermis, which results in
skin toxicity such as dryness and rashes (93). Claudins, as
essential components for the formation of tight junctions, are
critical for maintaining the normal skin barrier (95). Fang et al.
(96) found that gefitinib may damage the skin barrier by
reducing claudin-1 and claudin-4 and increasing claudin-2
expression in keratinocytes, resulting in skin toxicity.

The epidermis is composed of five parts: basal layer, spinous
layer, granular layer, stratum lucidum, and stratum corneum.
EGFR is abundant in keratinocytes in the basal layer of the
epidermis (97). Upon separation of proliferating basal
keratinocytes from the basement membrane, they cross the
spinous and granular layers and enter the stratum corneum
where they stop proliferating and terminally differentiate. Then,
keratinization occurs (98). EGFR inhibitors reduce the
expression of the proliferation marker Ki67 suggesting
keratinocyte growth arrest and premature differentiation,
which ultimately results in abnormal formation and thinning
of the stratum corneum (the outermost layer of the epidermis)
(99, 100). Moreover, when the EGFR signaling pathway is
inhibited, patients become susceptible to pathogenic bacteria,
such as Staphylococcus aureus. The aggravation of inflammation
further inhibits epidermal differentiation and exacerbates
keratinocyte damage, leading to the occurrence of eczema-like
skin reactions (86). An EGFR knockout model demonstrated
that the skin of the mouse became dry and fragile (101).
Therefore, EGFR inhibitors damage the natural moisturizing
function of the skin and destroy skin homeostasis by damaging
the physical barrier of the stratum corneum, leading to dry skin,
itching, and rashes.

Damage of Hair Follicles
EGFR is also expressed abundantly in undifferentiated keratinocytes
proliferating in the external root sheath of hair follicles (102).
Treatment with EGFR inhibitors induces secretion of pro-
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inflammatory factors and lymphocyte infiltration, which leads to
folliculitis and hair follicle rupture as the disease progresses (85,
103). Folliculitis is also known as acneiform rash and
papulopustular exanthema, and the primary lesions are
inflammatory follicular papules and pustules. The histopathology
of papulopustular exanthema demonstrates purulent folliculitis with
ectatic follicular infundibula and rupture of the epithelial lining.
Keratin plugs and microorganisms are seen in the dilated
infundibulum (104, 105). EGFR plays an essential role during the
hair growth cycle (106). In addition, in vitro studies have shown that
the concentration of EGF regulates the conversion between hair
follicle growth and inhibition (107). Some studies have also
confirmed that EGFR inhibitors have different effects on hair on
different parts of the body. Hair will become brittle, thin, curly, or
even be lost, while eyelashes will grow and curl (105, 108, 109).

Destruction of Skin Homeostasis-
Inflammation and Host Immune Activation
In human skin, keratinocytes differentiate to provide a physical
barrier in the stratum corneum, but they will also secrete various
cytokines, chemokines, and antimicrobial peptides to participate
in the innate immune response to resist pathogen invasion (110).
Park et al. (111) found that the expression of b-defensin, an
antimicrobial peptide produced by human symbiotic bacteria,
decreased after using EGFR inhibitors leading to bacterial
susceptibility. This may be one of the reasons for skin toxicity.

EGFR inhibitors also activate nuclear factor-kB in both cancer
and normal cells, leading to destruction of immune balance and an
inflammatory microenvironment (21). When EGFR signaling was
inhibited, CCL2, CCL5, and CXCL10 expression levels increased
and CXCL8 expression level decreased, which increased leukocyte
recruitment and inflammatory infiltration (112). Wan et al. (113)
induced a skin rash in female Brown Norway rats with gefitinib and
found that macrophages infiltrated to the skin and secreted large
amounts of inflammatory cytokines such as TREM-1, CINC-2, and
CINC-3.

Furthermore, when EGFR inhibitors are used, the expression
level of proapoptotic genes (such as secreted frizzled related
protein 1, the apoptosis inhibitor survivin, and BCL2 associated
athanogene) are upregulated, and the expression level of
antiapoptotic genes (such as death associated protein kinase-1
and apoptosis response zinc finger protein requiem) are
downregulated (21). The combination of tumor-induced
inflammation with iatrogenic apoptotic lysis may be an
important factor of associated skin toxicity.

Severe disruption of skin homeostasis induced by microbial
susceptibility, inflammatory activation, and increased apoptosis
ultimately leads to the generation of cutaneous toxicity.

Radiotherapy
Radiation therapy is often combined with chemotherapy or targeted
therapy during tumor therapy, and the duration, dose, and area of
radiation have a significant impact on the severity of skin toxicity
induced by EGFR inhibitors (114). EGFR inhibitors are associated
with an increased risk of severe radiation dermatitis during the first
few weeks of radiation therapy when radiation damages epidermal
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basal cells (115). Radiotherapy and chemotherapy cause the release
of chemoradiation associated molecular patterns. They play an
integral role in the generation of inflammation, which causes
adverse skin reactions from EGFR inhibitors more severe and
complex (116). In addition, skin xerosis caused by cetuximab may
aggravate dermatitis caused by radiotherapy (117).
FACTORS LEADING TO FATAL SKIN
TOXICITY

Severe and fatal skin toxicities occur in only a small number of
patients treated with EGFR inhibitors, but the pathogenic
mechanism remains unclear. Le-Rademacher et al. (118) found
that androgens may mediate adverse skin reactions caused by
EGFR inhibitors, and anti-androgen therapy may be a method to
treat or alleviate skin toxicity. Another study showed that
patients with high sebaceous gland activity and sebum
secretion were more sensitive to EGFR inhibitors and
developed acneiform rash more frequently (119). Takahashi et
al. (120) also found that men and high-weight patients who used
EGFR inhibitors were more susceptible to severe skin toxicity.
High male hormones, high sebum secretion, and smoking (more
prevalent in males than females) are risk factors causing male
lung cancer patients to have more severe adverse skin reactions.

Other risk factors leading to skin toxicity after EGFR-TKI
treatment require further investigation. For example, individuals
with mutations in interleukin-36 receptor antagonist may be at
an increased risk of AGEP development after drug treatment
(89). Ethnicity may also be a risk factor. The frequency of EGFR-
TKI-associated SJS/TEN is higher in Asian countries than in
other regions (121). In addition, sulfonamides, anti-epileptic
drugs (carbamazepine, phenytoin, phenobarbital, lamotrigine),
nonsteroidal anti-inflammatory drugs of the oxicam type, and
allopurinol have been shown to be high-risk drugs for inducing
delayed type hypersensitivity SJS/TEN. Therefore, the possible
risk of serious adverse effects should be considered when EGFR
inhibitors are used in combination with these drugs (122). When
more than one susceptibility factor for lethal skin toxicity exists,
the treatment of related cancers with EGFR inhibitors should be
evaluated early and continuously monitored. The treatment of
skin toxicity should be started early to reduce the pain and death
risk of patients.
THE RELATIONSHIP BETWEEN SKIN
TOXICITY AND ANTICANCER EFFICACY

EGFR is essential for maintaining the development and normal
physiological functions of the epidermis in the skin. The main
cause of skin toxicity is the targeting effect of anti-tumor drugs
on wild-type EGFR. It has been suggested that skin response can
be used as a biomarker of EGFR efficacy (123). A review of 116
patients treated with cetuximab and panitumumab by Jaka et al.
(124) also confirmed that more severe rashes were associated
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with better outcomes. Because of the observed positive
correlation of rash with efficacy, studies have suggested a new
administration in which the dose is increased until the rash is
most tolerable to the patient. The severity of EGFR inhibitor-
induced skin toxicity is positively correlated with the therapeutic
effect, making related skin toxicity a potential marker for
predicting drug efficacy.

Determining how to predict whether a patient will have skin
toxicity is an important area of investigation In 2004, Amador et
al. (125) found that the number of single sequence repeats in
EGFR intron 1 was related to the skin toxicity and anti-tumor
activity of EGFR inhibitors. Kimura et al. (126) found that
compared with patients who did not show any skin toxicity,
the plasma macrophage inflammatory protein level was
significantly decreased in patients with skin toxicity, suggesting
that macrophage inflammatory protein levels in plasma might be
a predictor of dermal toxicity in patients treated with gefitinib. In
2012, Moreno Garcia et al. (127) observed that elevated plasma
creatine kinase was associated with EGFR-TKI-induced rash,
and in vitro experiments showed that the expression level of
cytosolic isoforms of creatine kinase-brain increased after EGFR-
TKIs stimulated human keratinocytes. Steffens et al. (128) found
that patients treated with higher erlotinib/O-demethyl-erlotinib
(O-demethyl-erlotinib is the main active metabolite of erlotinib)
had longer progression free survival and overall survival. They
were also more prone to adverse skin reactions. The occurrence
of rash was positively correlated with progression free survival
and overall survival. The identification of biomarkers for severe
skin toxicity can help doctors to take preventive measures to
prevent severe or even fatal skin toxicity in patients. These blood
biomarkers can predict drug efficacy or serious skin toxicity
earlier than the occurrence of a skin rash, and it is more
appropriate to predict the effect of EGFR inhibitors for patients
who are not prone to skin toxicity.

Whether the efficacy of all EGFR inhibitors can be measured
by skin toxicity is debatable. When applying the less targetable
first-generation EGFR-TKIs (e.g., erlotinib, gefitinib, afatinib),
the targeted toxicity of the skin may serve as a biomarker to
measure anticancer efficacy. However, skin toxicity as an
indicator of efficacy is not applicable to all EGFR-TKIs.
Osimertinib (third-generation EGFR-TKIs) is typically used for
treatment of NSCLC patients with the T790M resistance
mutation. It has significantly greater activity against tumor
EGFR with mutations del19, L858R, and T790M than wild-
type EGFR (129, 130). The incidence of adverse skin reactions is
lower with osimertinib than with erlotinib, but it is an effective
treatment for NSCLC with T790M mutations. Further
investigations are needed because the use of skin toxicity as an
indicator of EGFR inhibitor efficacy is incomplete (131).
THERAPEUTIC STRATEGIES FOR
SKIN TOXICITY

Up to 90% of cancer patients treated with EGFR inhibitors have
skin adverse reactions. Of these, 76% of patients reported that
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they interrupted the EGFR inhibitor therapy, 32% of patients
completely discontinued the EGFR inhibitor therapy, and 60% of
patients reduced the dose of the EGFR inhibitor (132, 133). The
most common skin toxicity caused by EGFR inhibitors is
follicular papulopustular exanthemas, also known as follicular
rash. It usually occurs on the head, back, and upper chest in the
first few weeks of treatment. The lesions disappear without
sequelae upon withdrawal of the EGFR inhibitor (134).
Sebostasis, epidermal atrophy, itchy eczema, skin xerosis,
paronychia, and changes in hair (such as hair and eyelashes)
often occur after 1 to 2 months of treatment (132). In addition,
skin toxicity caused by EGFR inhibitors is often accompanied by
severe pain and extreme itching causing patients to endure
physical pain and psychological stress. The clinical
manifestations and basic grades of common skin toxicities
(e.g., papulopustular exanthemas, pruritus, xerosis, paronychia,
hair changes) caused by EGFR inhibitors are shown in Table 3.

Treatment strategies for skin toxicity caused by EGFR
inhibitors currently include empirical treatment and expert
consensus in countries such as the United Kingdom (141),
Germany (142), Taiwan (136), France (143, 144), Italy (145),
and Spain (146). These consensuses general principles of
treatment about skin toxicities are consistent but differ slightly.
They mainly describe treatment strategies for common skin
toxicities caused by EGFR inhibitors, but not for fatal skin
toxicities. Moreover, most treatments are focused on alleviating
symptoms without effective etiological treatment. There is no
recognized authoritative guide for the treatment of EGFR
inhibitors related skin toxicity. This is an urgent clinical
problem that needs to be solved.

Symptomatic Treatment
Papulopustular Exanthemas
When grade 1 rash occurs, the patient can continue to use EGFR
inhibitors and to use non-alcoholic emollients (141). Reduction
or discontinuation of EGFR inhibitors should be considered
when grade 2 rash duration is unmanageable or the patient is
unable to tolerate it. EGFR inhibitor therapy should be
temporarily discontinued when ≥ grade 3 rash appears (141).
Therapeutic measures are shown in more detail in Table 4.

Pruritus Due to Papulopustular Exanthemas
and Xerosis
Grade 1-2 can be treated with topical steroids (0.05% clobetasol),
and oral antihistamines (cetirizine, loratadine, etc.) can be used
for grade 3 pruritus. In addition to the drugs mentioned above,
gamma-aminobutyric acid agonists, neurokinin-1 receptor
antagonists, antidepressants, corticosteroids, and other drugs
can be added for treatment (150, 151). However, caution
should be taken to avoid systemic steroids as they can have
acneiform rash-like side effects (152). However, when a rash of
grade ≥ 3 occurs, systemic dexamethasone or prednisolone is
usually used for treatment (83).

Once bacterial infection occurs, systemic antibiotics can be
selected for treatment based on a drug sensitivity test (153). If
local use of metronidazole is not enough to control symptoms of
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papulopustular lesions, then they can be treated by oral
tetracycline (152, 154). For skin toxicity with pustules and a
large amount of exudate (typically grade 3 or higher), the use of
both tetracycline and saline compresses (15 minutes, 2 to 3 times
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a day) can effectively control inflammation (152, 155).
Doxycycline is recommended for patients with renal
insufficiency, and minocycline is recommended for patients
living in areas with high ultraviolet exposure (156). At the
TABLE 4 | Treatments of papulopustular exanthemas caused by EGFR inhibitors.

Grade Therapeutic measures

1 Continue EGFR inhibitors at the original dose; moisturizing and sunscreen (sun protection factor SPF ≥30); topical antibiotics (clindamycin 1-2% gel,
erythromycin 1%, nadifloxacin 1%; fusidic acid 2% or preparations containing metronidazole 0.75%); topical calcineurin inhibitors (tacrolimus 0.1% ointment or
pimecrolimus 1% cream bid); reassess after at least 2 weeks or any worsening of symptoms (136, 141, 142, 147)

2 Symptom deterioration or patient intolerance (reduction or discontinuation of EGFR inhibitors); moisturizing and sunscreen; topical corticosteroids
(hydrocortisone 1-2.5%, prednicarbate 0.02% cream, mometasone furoate 0.1%, desoximetasone 0.25%); topical antibiotics (clindamycin 1-2% gel,
erythromycin 1%, nadifloxacin 1%; fusidic acid 2% or preparations containing metronidazole 0.75%); topical calcineurin inhibitors (tacrolimus 0.1% ointment or
pimecrolimus 1% cream bid.); Oral antibiotics [such as tetracycline (250-500 mg), doxycycline (100-200 mg, bid), oxytetracycline (500 mg, bid) or minocycline
(100 mg, bid)]; antihistamines; reassess after at least 2 weeks or any worsening of symptom (133, 136, 141, 142, 147–149)

3 Temporary discontinuation of EGFR inhibitors; moisturizing and sunscreen; oral antibiotics [such as tetracycline (250-500 mg), doxycycline (100-200 mg, bid),
oxytetracycline (500 mg, bid) or minocycline (100 mg, bid)] plus a short course of oral corticosteroid (prednisolone 0.5-1 mg/kg/day for 5–7 days); consider oral
isotretinoin at low doses (20-30 mg/day); reassess after at least 2 weeks or any worsening of symptoms (133, 141, 142, 146, 147, 149)

4 Same as grade 3
5 Discontinuation of EGFR inhibitors
TABLE 3 | Clinical manifestations and classification of common skin toxicities of EGFR inhibitors.

Common skin
toxicities

Clinical manifestations Grades criteria (NCI-CTCAE v 5.0) (135)

Papulopustular
exanthemas

Predominantly occurring on the face back and upper chest
within two weeks from the start of EGFR inhibitor treatment;
manifests as red papules and/or pustules without comedone
(136, 137)

Grade 1: Papules and/or pustules covering <10% BSA, with or without pruritus or
tenderness

Grade 2: Papules and/or pustules covering 10-30% BSA, with or without
symptoms of pruritus or tenderness; with psychosocial impact; limiting
instrumental activities of daily living; papules and/or pustules covering >30%
BSA but mild symptoms

Grade 3: Papules and/or pustules covering >30% BSA, with moderate to severe
symptoms; limiting self-care activities of daily living; associated with local
superinfection with oral antibiotics indicated

Grade 4: Papules and/or pustules covering any % BSA; with unlimited symptoms;
associated with extensive superinfection with IV antibiotics indicated; life-
threatening consequences

Grade 5: Death
Pruritus A disorder characterized by an intense itching sensation,

accompanies the papulopustular exanthemas and xerosis at
onset (138)

Grade 1:Mild or localized; topical intervention indicated

Grade 2: Intense or widespread; intermittent; skin changes from scratching (e.g.,
edema, papulation, excoriations, lichenification, oozing/crusts); limiting
instrumental activities of daily living

Grade 3: Intense or widespread; constant; limiting self-care activities of daily living
or sleep; oral corticosteroid or immunosuppressive therapy indicated

Skin Xerosis Dry skin, often accompanied by pruritus, scaly, flaking skin
appears over the extremities, the fingertips and toes may
develop dry areas with cracks, or fissures (85, 139)

Grade 1:Covering <10% BSA and no associated erythema or pruritus

Grade 2: Covering 10-30% BSA and associated with erythema or pruritus; limiting
instrumental activities of daily living

Grade 3: Covering >30% BSA and associated with pruritus; limiting self-care
activities of daily living

Paronychia Nail-fold edema or erythema, damaged skin around nail,
disruption of the cuticle, nail-plate separation, granulation tissue
formation (140)

Grade 1: Nail fold edema or erythema; disruption of the cuticle.

Grade 2: Nail fold edema or erythema with pain; associated with discharge or nail
plate separation; limits instrumental activities of daily living; topical or oral anti-
infective therapy indicated

Grade 3: Surgical intervention or intravenous antibiotic treatment indicated; limits
self-care activities of daily living

Hair changes Hair become brittle, thin, curly, or even be lost, eyelashes grow
and curl (85, 109)

/

Grading of papulopustular exanthemas pruritus, xerosis, and paronychia according to the NCI-CTCAE version 5.0. CTCAE, Common Terminology Criteria for Adverse Events; NCI,
National Cancer Institute; BSA, body surface area.
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same time, attention should be paid to the intestinal microflora
disorder caused by long-term systemic antibiotics in the
treatment of rash (157).

In addition to the conventional treatment mentioned above,
Bavetta et al. (158) found a significant improvement in skin
symptoms after 4 weeks of treatment with a cream containing
1.5% polydatin (a natural precursor of resveratrol), suggesting
that it may be used as an adjunctive agent for prophylactic
treatment of papulopustular exanthemas and as an alternative to
corticosteroids. Lacouture et al. (159) showed that although
BRAF inhibitors can activate mitogen-activated protein kinase
downstream of EGFR, topical use of BRAF inhibitor LUT014 can
improve the skin toxicity induced by EGFR inhibitors cetuximab
or panitumumab. Additionally, topical use of recombinant
human EGF may ameliorate the rash produced by EGFR
inhibitors by regulating the normal proliferation and
differentiation of keratinocytes and reducing the expression of
inflammatory factors (93).

Skin Xerosis
Patients with dry skin should use moisturizing emollients several
times a day, avoid bathing with soap and hot water, and use
emollients to moisturize the skin after cleansing (147). Water-
based creams aggravate dry skin and very greasy emollients
increase the risk of folliculitis. Therefore, ointment is
recommended for the care of dry skin. Specific emollients and
soap substitutes are recommended by the United Kingdom
EGFR-TKI expert consensus on adverse event management
published in 2015 (141). In addition, skin dryness with
eczematous lesions is treated with topical steroids (160).

Paronychia
Paronychia can be extremely painful to the patient, leading to
difficulty in walking and limited mobility by affecting the nails of
the fingers and toes (148). A retrospective study by Osio et al.
(103) found that patients using EGFR inhibitors for more than 6
months had a > 50% chance of developing paronychia. Patients
with paronychia can be treated with silver nitrate, preservatives,
topical corticosteroids, and antibiotics. For grade 1 and 2
paronychia, topical betamethasone valerate (2-3 times, qd) is
recommended; for grade 3 paronychia, local use of clobetasol
cream (2-3 times, qd) is recommended. Patients with periungual
granulomas can be treated with nitrate first. If there is no
response, then curettage and cauterization can be utilized (133,
148, 161). Therapeutic measures are shown in more detail
in Table 5.
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Hair Changes
Topical minoxidil is recommended for non-cicatricial alopecia of
the head caused by EGFR inhibitors. Topical steroids are
recommended for inflammatory and cicatricial alopecia (160).
Curled hypertrophic long eyelashes can be trimmed, and facial
hirsutism can be treated with laser hair removal (160).

Management of Lethal Severe Cutaneous
Adverse Reactions
Rare but fatal adverse skin reactions such as AGEP, SJS, TEN,
and SJS/TEN may be caused when EGFR inhibitors are used.
Their clinical manifestations and related therapeutic measures
are shown in the Table 6. The general treatment principle is to
stop the relevant EGFR inhibitors, reduce fluid loss, replenish
body fluids, control pain, and provide adequate nutrition (88).
AGEP symptoms usually resolve rapidly after discontinuing
EGFR inhibitors. Topical corticosteroids and systemic
antihistamines are recommended for symptom control (168).

For more severe skin toxicities such as SJS, TEN, SJS/TEN,
conservative treatment (e.g., applying emollients) recommends
maintaining skin integrity and preventing fluid loss. Surgical
debridement is recommended only when infection occurs.
Aggressive treatment recommends removing exfoliated
epidermis that may be infected (88). In subsequent treatment,
emollients and steroid creams can be used alternately for
moisturizing and anti-inflammation. Gauze soaked with
betadine can be used for bandaging (169).

A meta-analysis of the literature suggested that cyclosporine was
effective in reducing mortality from SJS/TEN, and the combination
of cyclosporine and systemic steroids may be an effective treatment
for SJS/TEN (170–172). Mucosal damage caused by TEN often
affects the eyes, gastrointestinal tract, and respiratory tract. TEN
often causes eye keratitis and corneal erosion. It is recommended to
consult an ophthalmologist, use antibiotic eye drops to prevent
bacterial infection, and use eye lubricant combined with topical
corticosteroids for the treatment of eye complications. Attention
should be paid to secondary glaucoma caused by steroid treatment
(173, 174). Oral ulcers are the most common in TEN and can be
treated with topical lidocaine gel or cocaine mouthwash. In
addition, the mucous membrane of the respiratory tract may fall
off and cause respiratory distress that requires management by a
specialized physician (169).

Preventive Measures
Due to the important role of EGFR in the normal physiological
function of the skin, the incidence of adverse skin reactions
TABLE 5 | Treatments of paronychia caused by EGFR inhibitors.

Grade Therapeutic measures

1 Continue EGFR inhibitors at original dose; antiseptic hand bath (povidone iodine 1:10, potassium permanganate 1:10000, white vinegar in water 1:1); topical
betamethasone valerate (2-3 times, qd); reassess after 2 weeks (133, 142)

2 Continue EGFR inhibitors at original dose; silver nitrate solution 20% weekly (administer cryotherapy or other chemical/electric cauterization if granulation);
povidone-iodine 2% ointment; topical betamethasone valerate 0.1% ointment (2-3 times, qd); oral antibiotics are recommended; reassess after 2 weeks (133,
136, 142, 149)

3 Temporary discontinuation of EGFR inhibitors; topical clobetasol cream (2-3 times, qd); povidone-iodine 2% ointment; systemic antibiotics oral or intravenously
following pathogenic culture; continue to apply topical antibiotics; reassess after 2 weeks (136, 142, 148, 149, 161)
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caused by EGFR inhibitors is 60%-85%. These adverse reactions
often lead to the reduction or even withdrawal of antitumor
drugs (175). Therefore, preventing skin toxicity is increasingly
gaining attention by investigators. Prophylactic use of emollients,
sunscreen, mild body wash and facial cleansers, are ointment
containing EGF are beneficial measures to prevent or reduce skin
toxicity in patients treated with EGFR inhibitors (141, 142, 176).

A phase III clinical trial conducted in Canada in 2016 showed
that the preventive use of minocycline (100 mg twice a day for 1
month) before erlotinib did not reduce the incidence of rashes but
reduced the incidence of grade 3 skin toxicity while not affecting
efficacy (177). Takahashi et al. (120) also showed that the grade of
acneiform rash was lower after preventive use of minocycline.
Meanwhile, Ichiki et al. (178) found that prophylactic use of
minocycline (50 mg twice a day for 4 weeks) reduced rashes and
paronychia induced by afatinib. In addition, preventive use of
minocycline and topical corticosteroids may be effective for
afatinib-induced paronychia, but elevated transaminase was found
in patients during the use of minocycline. Therefore, long-term use
of minocycline should be noted for possible liver damage (179).

Preventive use of doxycycline (100 mg twice a day for 4
weeks) can reduce the incidence of grade 2 or high adverse skin
reactions caused by dacomitinib (180). In the treatment of
refractory metastatic colorectal cancer with panitumumab,
prophylactic doxycycline (100 mg twice a day for 6 weeks) and
topical moisturizers, sunblock, and 1% hydrocortisone cream
reduced the incidence of panitumumab-induced skin toxicity
higher than grade 2 by 50% (181). Petrelli et al. (182) conducted a
systematic review and meta-analysis of studies on the use of
antibiotics to prevent skin rashes before 2016 and found that
preventive use of minocycline or doxycycline reduced the
absolute risk of all skin rashes (grade1-4) and severe skin
rashes (grade 2-4) by 10% and 25%, respectively.

A randomized, open-label trial confirmed that tetracycline
(250 mg twice a day for 4 weeks) was effective for afatinib-
induced acneiform rash, and prophylactic use of tetracycline
reduced the incidence and severity of rashes (183). However,
Jatoi et al. (184) found that prophylactic use of tetracycline (500
mg orally twice a day for 28 days) did not reduce the incidence or
severity of rashes induced by EGFR inhibitors. The different
doses may be the reason for the inconsistent research results.
Petrelli et al. (182) concluded that tetracycline could significantly
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reduce the incidence of severe rash induced by EGFR inhibitors
after analyzing 13 clinical studies. Hofheinz et al. (185)
recommended prophylactic use of antibiotics (such as
tetracycline, doxycycline, and minocycline) on the first day of
EGFR therapy to reduce the severity of adverse skin reactions
and improve patient compliance. However, Italian experts do not
recommend the preventive use of antibiotics as a treatment
method to prevent serious skin toxicity of EGFR inhibitors
(145). For skin toxicity caused by EGFR inhibitors, whether to
use antibiotics prophylactically needs to be determined by
comprehensively considering the situation of the patient.

In addition to the aforementioned studies on the preventive
use of antibiotics, nonsteroidal anti-inflammatory drugs may
also play a role in preventing EGFR inhibitor-related rashes
(186). Local prophylactic use of 3% chloramphenicol + 0.5%
prednisolone ointment significantly reduced the severity of facial
papulopustular exanthemas induced by EGFR inhibitors (175).
Although studies have shown that preventive use of vitamin K3
cream does not reduce the number of papulopustular
exanthemas (187), preventive use of vitamin K1 cream can
reduce the incidence of grade 2 or higher rashes (188). A
randomized single-blind trial conducted by Chayahara et al.
(189) showed that compared with the control group adapalene
treatment did not prevent acneiform rash and may have harmful
effects. Therefore, adapalene is not recommended to prevent
acneiform rash caused by EGFR inhibitors.
CONCLUSION

To avoid the lethal skin toxicity caused by EGFR inhibitors, more
targeted drugs need to be developed as well as conducting further
investigations on efficacious preventive measures before cancer
treatment and beneficial treatment measures after adverse skin
reactions occur. In addition, there is no official or unified
guidelines to deal with skin toxicities induced by EGFR
inhibitors. Therefore, to create an authoritative guide would be
beneficial to clinicians. The occurrence of adverse skin reactions
and fatal skin toxicity are the most widespread reasons that limit
anti-tumor treatments with EGFR inhibitors. Using the existing
evidence for prevention and treatment should be an area of
interest for medical staff and scientific researchers.
TABLE 6 | Clinical manifestations and therapeutic measures of severely fatal skin toxicities.

Lethal Skin
Toxicities

Clinical manifestations Therapeutic measures

AGEP Fever ≥38°C, sterile non-follicular pustules on the base of the erythema, leukocytosis, neutrophils
≥7000, mild eosinophilia, multiple organs involved (89, 162)

EGFR inhibitors withdrawal; topical
corticosteroids, systemic antihistamines (162, 163)

TEN Fever≥38°C, influenza-like syndrome, respiratory tract symptoms, Lymphopenia, transitory
neutropenia, mild cytolysis, blisters, multiple organs involved, Nikolsky’s sign, skin detachment ≥30%
(162)

EGFR inhibitors withdrawal; corticosteroids,
cyclosporine, intravenous immunoglobulins, TNF-a
inhibitors; plasmapheresis (163, 164)

SJS The clinical manifestations were similar to TEN, skin detachment <10% (162) SJS treatment strategy is the same as TEN
NME Annular-circinate, erythematous, scaly rash, superficial epidermal necrosis, plasma glucagon levels

increased, diabetes mellitus or glucose intolerance (11, 165)
EGFR inhibitors withdrawal; oral prednisolone (0.5
mg/kg/d); octreotide and lanreotide; clobetasol
propionate ointment 0.05% (28, 165, 166)

DIHS Fever ≥38°C, extensive rash, atypical lymphocytosis, eosinophilia, lymphadenopathy, multiple organ
dysfunction, reactivation of human herpes virus 6 and human herpes virus 7 (35, 41)

EGFR inhibitors withdrawal; oral prednisolone (0.5
mg/kg/day); cyclosporine (5 mg/kg/day) (41, 167)
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This paper summarized the cellular and molecular
mechanisms of EGFR signaling and adverse skin reactions
caused by EGFR inhibitors to provide ideas for the use of
EGFR inhibitors and the prevention of related skin toxicity in
cancer treatment. Effectively preventing and treating skin toxicity
without damaging the anti-tumor efficacy of EGFR inhibitors is
the ultimate goal we want to achieve. Treatment after the
occurrence of skin toxicity is the key to effective anti-tumor
treatment and a good prognosis of patients. This will require
medical care providers to summarize and record more treatment
details during their daily work, formulate a series of effective
treatment schemes, and publish these results.
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Background: There is currently no method to predict tyrosine kinase inhibitor (TKI)
-induced hepatotoxicity. The purpose of this study was to propose a risk scoring
system for hepatotoxicity induced within one year of TKI administration using machine
learning methods.

Methods: This retrospective, multi-center study analyzed individual data of patients
administered different types of TKIs (crizotinib, erlotinib, gefitinib, imatinib, and lapatinib)
selected in five previous studies. The odds ratio and adjusted odds ratio from univariate
and multivariate analyses were calculated using a chi-squared test and logistic regression
model. Machine learning methods, including five-fold cross-validated multivariate logistic
regression, elastic net, and random forest were utilized to predict risk factors for the
occurrence of hepatotoxicity. A risk scoring system was developed from the multivariate
and machine learning analyses.

Results: Data from 703 patients with grade II or higher hepatotoxicity within one year of
TKI administration were evaluated. In a multivariable analysis, male and liver metastasis
increased the risk of hepatotoxicity by 1.4-fold and 2.1-fold, respectively. The use of
anticancer drugs increased the risk of hepatotoxicity by 6.0-fold. Patients administered H2
blockers or PPIs had a 1.5-fold increased risk of hepatotoxicity. The area under the
receiver-operating curve (AUROC) values of machine learning methods ranged between
0.73-0.75. Based on multivariate and machine learning analyses, male (1 point), use of H2
blocker or PPI (1 point), presence of liver metastasis (2 points), and use of anticancer
drugs (4 points) were integrated into the risk scoring system. From a training set, patients
with 0, 1, 2-3, 4-7 point showed approximately 9.8%, 16.6%, 29.0% and 61.5% of risk of
hepatotoxicity, respectively. The AUROC of the scoring system was 0.755 (95% CI,
0.706-0.804).
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Conclusion: Our scoring system may be helpful for patient assessment and clinical
decisions when administering TKIs included in this study.
Keywords: tyrosine kinase inhibitor, hepatotoxicity, prediction, machine learning, risk scoring system
INTRODUCTION

Tyrosine kinase inhibitor (TKI) is a prominent cancer treatment.
Tyrosine kinase is a major enzyme involved in cell signaling,
growth, and division during cell signal transduction (1). TKI
inhibits tyrosine kinase, which is involved in cancer (2). Since the
U.S. Food and Drug Administration (FDA) approved imatinib
for the treatment of chronic myeloid leukemia in 2001, over 30
TKIs have been developed (3, 4).

Hepatotoxicity is a major safety concern when using tyrosine
kinase inhibitors (5). The FDA requires five TKIs (lapatinib,
pazopanib, ponatinib, regorafenib, and sunitinib) to have black
box warnings for liver damage (4, 6). Several studies have
investigated TKI-induced hepatotoxicity, mostly in patients
experiencing grade I-IV hepatotoxicity (7). However, it is
difficult to find clinically significant grade I cases as these
include mild and asymptomatic patients.

Since there are no reliable markers for the detection of
drug-induced hepatotoxicity, it is important to exclude other
possible causes (8, 9). The follow-up period should be limited,
as longer observation periods make it difficult to detect drug-
induced hepatotoxicity because other factors may come into
play (7, 10, 11). The period from TKI initiation to hepatotoxicity
onset varies widely, with the latency to the onset of hepatotoxicity
reported within two months for crizotinib and several days to
several months for lapatinib (12). A proper observation period for
hepatotoxicity has not been established, but one year (365 days)
may be appropriate.

Machine learning establishes computational modeling for
automatic learning based on existing data (13). Since the
machine learning approach can devise learning algorithms to
deduce clinical action and decision making, it has been applied in
various ways in the field of health science, including risk
prediction (14, 15). Utilizing various methods of machine
learning may build models with higher risk predictability that
can explain risk factors.

Risk scoring systems, such as the GerontoNet ADR risk score
for elderly patients and TIMI risk score for cardiovascular
disease, allow a rapid assessment of patients for medical
decision-making and patient management (16). They reveal
the relationship between patient risk factors and the incidence
of an adverse event and a disease (17). Although it may help
clinicians predict hepatotoxicity after TKI administration, a risk
scoring system has not yet been investigated.

Although TKI-induced hepatotoxicity is a significant clinical
concern, there is currently no tool to predict its development.
The purpose of this study is to identify risk factors for TKI-
induced hepatotoxicity of grade II or higher that occur within
one year of TKI initiation using machine learning methods and
to propose a risk scoring system of TKI-induced hepatotoxicity.
2186
MATERIALS AND METHODS

Dataset
The dataset was constructed from five previous studies that
demonstrated factors affecting the hepatotoxicity of selected
TKIs (gefitinib, erlotinib, crizotinib, imatinib, and lapatinib).
The detailed methodology was reported in five published
studies. In a gefitinib study, patients with non-small cell lung
cancer (NSCLC) were orally administered 250 mg of gefitinib
per day (18). Patients with NSCLC or pancreatic cancer
were administered 150 mg or 100 mg of erlotinib, respectively
(19). Patients with NSCLC containing an anaplastic lymphoma
kinase (ALK) rearrangement or c-ros oncogene 1 (ROS1)
rearrangement were orally administered 250 mg of crizotinib
twice per day (20). Patients with Philadelphia chromosome-
positive acute lymphoblastic leukemia (ALL), chronic myeloid
leukemia (CML), gastrointestinal stromal tumors (GIST), or
other malignancies were orally administered imatinib (100-800
mg/day) (21). Patients with metastatic breast cancer were
orally administered lapatinib (750-1250 mg/day) (22). In all
five studies, aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels were measured before initiation
of TKI therapy and then every two to three months thereafter.
Eligible patients were those who were followed up in a year.

The following baseline data were obtained: sex, age, body
weight, height, body surface area (BSA), alcohol history, underlying
disease, liver metastasis, HBsAg, and concomitant medications.
Concomitant drugs included cytochrome P450 (CYP) 3A4
inducers, CYP3A4 inhibitors, anticancer drugs, H2 blockers, and
proton pump inhibitors (PPIs). CYP3A4 inducers included
bosentan, carbamazepine, dexamethasone, efavirenz, ethosuximide,
etravirine, fosphenytoin, modafinil, nafcillin, oxcarbazepine,
phenobarbital, phenytoin, prednisolone, primidone, rifabutin, and
rifampicin (rifampin). CYP3A4 inhibitors were amiodarone,
aprepitant, atazanavir, cimetidine, ciprofloxacin, clarithromycin,
cyclosporine, danazol, diltiazem, erythromycin, fluconazole,
fluoxetine, fluvoxamine, grapefruit juice, itraconazole, ketoconazole,
nicardipine, nifedipine, posaconazole, ritonavir, tamoxifen, verapamil,
and voriconazole. Anticancer drugs included capecitabine, cisplatin,
cyclophosphamide, cytarabine, docetaxel, trastuzumab, vincristine,
and vinorelbine. H2 blockers were cimetidine, famotidine,
lafutidine, nizatidine, and ranitidine. PPIs included (es)omeprazole,
(dex)lansoprazole, pantoprazole, and rabeprazole.

Assessment of Hepatotoxicity
Serum AST and ALT values were assessed according to the
severity of hepatotoxicity. The hepatotoxicity grade was
determined using Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0. The CTCAE defines grade I, grade
II, grade III, and grade IV toxicity levels of AST and ALT as 1-3
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times, 3-5 times, 5-20 times, and more than 20 times the upper
limit of normal, respectively. In this study, hepatotoxicity was
defined as grade II or higher.

Statistical Analysis
The chi-squared or Fisher’s exact test was performed to compare
categorical variables between patients with and without
hepatotoxicity. Multivariate logistic regression analysis was
performed to identify independent risk factors for
hepatotoxicity. Factors having a P-value < 0.05 from the
univariate analysis with strong confounding factors (age, BSA,
and sex) were included in the multivariate analysis. The odds
ratio (OR) and adjusted OR were calculated by univariate and
multivariate analyses, respectively.

Machine learning models were developed to predict the risk
factors for hepatotoxicity. Classification methods, such as five-
fold cross-validated multivariable logistic regression, elastic net,
and random forest (RF) were utilized with an R package caret.
For cross-validation, the dataset was randomly split into five
equal folds. After portioning one data sample into five subsets,
four subsets were used to construct machine learning models and
the other subset was used for model validation. Each cross-
validation iteration was repeated 100 times. The area under the
receiver-operating curve (AUROC) was developed to
predict hepatotoxicity.

A risk scoring system was developed from the multivariate
and machine learning analyses. We randomly divided the data by
a ratio of 7:3. Among a total of 703 samples included in this
study, data from 503 patients were used to construct a risk
scoring system, and the other 200 data were used to validate it.
For the risk score, each coefficient from the logistic regression
model was divided by the smallest one and rounded to the
nearest integer.

P-values less than 0.05 were considered statistically
significant. Univariate and multivariate analyses were
performed with the Statistical Package for Social Sciences
(SPSS) version 20.0 for Windows (SPSS Inc., Chicago, Illinois,
USA). Machine learning models were developed using R
software version 3.6.0 (RFoundation for Statistical Computing,
Vienna, Austria).
RESULTS

Among the 999 patients eligible in this study, patients were
excluded if they did not have AST/ALT value results before TKI
administration (n = 72), if they had elevated AST/ALT before
TKI administration (n = 123), and if they already had underlying
liver disease (n = 101). We analyzed data from 703 patients. For
the excluded patients, the mean age, proportion of patients ≥ 60
years, and proportion of males were 60.6 ± 13.1 years, 56.3%, and
47.8%, respectively. There were no significant differences in the
mean age or proportion of sex between the included and
excluded patients.

As shown in Table 1, 191 patients experienced the
hepatotoxicity induced by the selected TKIs during the study
Frontiers in Oncology | www.frontiersin.org 3187
period. Around half (50.2%) of the patients were older than 60
years of age. Drugs concomitantly administered with TKI
included CYP3A4 inhibitors (n = 26), CYP3A4 inducers (n =
33), H2 blockers (n = 202), PPIs (n = 114), and anticancer drugs
(n = 161). In the univariate analysis, liver metastasis, CYP3A4
inhibitors, CYP3A4 inducers, anticancer drugs, H2 blockers,
PPIs, and H2 blockers or PPIs were significant factors
for hepatotoxicity.

Multivariate analysis demonstrated that male patients and
patients with liver metastasis had increased risk for TKI-induced
hepatotoxicity by 1.4-fold and 2.1-fold, respectively. The use of
anticancer drugs increased the risk of hepatotoxicity by 6.0-fold.
Patients using H2 blockers or PPIs had a 1.5-fold increased risk
of hepatotoxicity (Table 2).

Machine learning methods were utilized to construct a
prediction model for TKI-associated hepatotoxicity. The
AUROC values (mean, 95% CI) across 100 random iterations
using five-fold cross-validated multivariate logistic regression,
elastic net, and RF models were 0.75, 0.75, and 0.73, respectively
(Table 3). The ROC for five-fold cross-validated multivariate
logistic regression, elastic net, and RF are shown in Figure 1. The
hyperparameters and R code that we used are shown in Table 4
and Supplementary File 1, respectively.

For the construction of risk scoring system, male (1 point),
use of H2 blockers or PPIs (1 point), presence of liver metastasis
(2 points), and use of anticancer drugs (4 points) were integrated
into the analysis. From a training set, patients with 0, 1, 2-3, and
4-7 points showed approximately 9.8%, 16.6%, 29.0%, and 61.5%
risk of hepatotoxicity, respectively. The respective value of the
validation set was 10.2, 19.3, 30.8, and 57.1%. Although there
were only two patients who scored 8 points (100% risk), they
were all included in the training set. The logistic regression curve
by mapping the scores to risk scores is presented in Figure 2, and
the risk probability according to scores using logistic regression
is shown in Table 5. The AUROC of the scoring system was
0.755 (95% CI 0.706-0.804).
DISCUSSION

This study demonstrated that the use of H2 blockers or PPIs and
anticancer drugs increased the risk of the hepatotoxicity induced
by the TKIs selected in this study (crizotinib, erlotinib, gefitinib,
imatinib, and lapatinib) by 1.5-fold and 6.0-fold, respectively.
Patients with liver metastasis and male patients had an increased
risk of TKI-induced hepatotoxicity by 2.1-fold and by 1.4-fold,
respectively. Machine learning analyses indicated good
performance (higher than 0.7) of the constructed model.

In our study, the presence of liver metastasis was a significant
factor with the two-fold increase in hepatotoxicity by TKIs
included in this study. Because patients with elevated AST and
ALT were excluded, all patients had normal AST/ALT values at
the start of the study. The relationship between liver metastasis
and drug-induced hepatotoxicity has been rarely reported.
However, a retrospective observational study of pembrolizumab-
induced liver injury showed that patients with pre-existing liver
March 2022 | Volume 12 | Article 790343
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metastasis were at a 3.6-fold higher risk of developing
hepatotoxicity compared to patients with no liver metastasis
(23). As the main metabolic site for most TKIs is the liver, the
presence of liver metastasis may lead to asymptomatic liver
damage before TKI use and may amplify the effects of TKI-
induced hepatotoxicity.
Frontiers in Oncology | www.frontiersin.org 4188
TKIs are often used in combination with other anticancer
drugs. Previous studies have reported hepatotoxicity by many
anticancer drugs, including methotrexate, cisplatin, gemcitabine,
and paclitaxel (24). Thus, anticancer drugs used in combination
with TKIs not only affect hepatotoxicity by themselves but may
further aggravate the severity of hepatotoxicity caused by TKIs.
TABLE 1 | Hepatotoxicity of TKI administration.

Characteristics No. (%)
(n=703)

Hepatotoxicity, No (%) P-value

Absence Presence
(n=512) (n=191)

Sex 0.980
Female 408 (58.0) 297 (58.0) 111 (58.1)
Male 295 (42.0) 215 (42.0) 80 (41.9)

Age, years 0.064
<60 350 (49.8) 244 (47.7) 106 (55.5)
≥60 353 (50.2) 268 (52.3) 85 (44.5)

BW, kga 0.253
<60 379 (54.6) 268 (53.3) 111 (58.1)
≥60 315 (45.4) 235 (46.7) 80 (41.9)

Height, cmb 0.540
<160 336 (48.5) 247 (49.2) 89 (46.6)
≥160 357 (51.5) 255 (50.8) 102 (53.4)

BSA, m2c 0.346
<1.6 321 (46.3) 227 (45.2) 94 (49.2)
≥1.6 372 (53.7) 275 (54.8) 97 (50.8)

Alcohol historyd 0.257
Yes 86 (27.7) 67 (29.4) 19 (22.9)
No 225 (72.3) 161 (70.6) 64 (77.1)

CVD or DM 0.289
Yes 254 (36.1) 191 (37.3) 63 (33.0)
No 449 (63.9) 321 (62.7) 128 (67.0)

Liver metastasis <0. 001
Yes 76 (10.8) 34 (6.6) 42 (22.0)
No 627 (89.2) 478 (93.4) 149 (78.0)

HBsAge 0.556
Yes 18 (2.6) 12 (2.4) 6 (3.2)
No 665 (97.4) 485 (97.6) 180 (96.8)

CYP3A4 inhibitors <0. 001
Yes 26 (3.7) 11 (2.1) 15 (7.9)
No 677 (96.3) 501 (97.9) 176 (92.1)

CYP3A4 inducers <0. 001
Yes 33 (4.7) 14 (2.7) 19 (9.9)
No 670 (95.3) 498 (97.3) 172 (90.1)

H2 blockers 0.005
Yes 202 (28.7) 132 (25.8) 70 (36.6)
No 501 (71.3) 380 (74.2) 121 (63.4)

PPIs 0.021
Yes 114 (16.2) 73 (14.3) 41 (21.5)
No 589 (83.8) 439 (85.7) 150 (78.5)

H2 blockers/PPIs <0. 001
Yes 281 (40.0) 183 (35.7) 98 (51.3)
No 422 (60.0) 329 (64.3) 93 (48.7)

Anticancer drugs <0. 001
Yes 161 (22.9) 63 (12.3) 98 (51.3)
No 542 (77.1) 449 (87.7) 93 (48.7)
March 2022 | Volume 12 | Article
BW, body weight; BSA, body surface area; CVD, cardiovascular diseases; CYP3A4, cytochrome P450 3A4; DM, diabetes mellitus; PPI, proton pump inhibitor.
aBody weight data for 9 patients were missing.
bHeight data for 10 patients were missing.
cBody surface area data for 10 patients were missing.
dAlcohol history data for 392 patients were missing.
eHBsAg data for 20 patients were missing.
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For the construction of the risk scoring system, we included
all factors that remained in the final multivariate analysis model,
regardless of statistical significance. In addition to liver
metastasis and anticancer drugs, male and the use of H2
blockers/PPIs were included in the risk scoring system.
Contrary to our expectations, male sex increased the risk of
TKI-induced hepatotoxicity in our study. Several studies have
demonstrated that female patients generally had a higher risk of
adverse drug reactions compared to male patients, and these
results were similar for drug-induced hepatotoxicity (25, 26).
Physiological or biological differences which can affect drug
toxicity may contribute to these gender differences (27). Our
unexpected result is probably due to the effect of alcohol history.
Male patients accounted for the majority (70%) of patients with a
history of alcohol use, and 70% of these individuals had
hepatotoxicity. Considering that female patients accounted for
more than half of our study population, alcohol history may be
an influencing factor in the higher incidence of hepatotoxicity in
male patients.

Concomitant use of PPIs or H2 blockers increased the risk of
hepatotoxicity compared to non-users. ATP-binding cassette
superfamily G member 2 (ABCG2) and ATP-binding cassette
subfamily B member 1 (ABCB1) are drug efflux transporters
situated in the liver (28). Since PPIs are known as an ABCG2
inhibitors, concomitant use of ABCG2 substrates and PPIs can
increase the blood concentration of drugs that are ABCG2
substrates (18, 19). Among the five drugs included in our
study, gefitinib and erlotinib are substrates of ABCG2. Since
half of the total study population was patients administered these
drugs, this may have affected the analysis of PPIs as a
hepatotoxicity factor.
Frontiers in Oncology | www.frontiersin.org 5189
Both H2 blockers and TKIs are ABCB1 substrates. Co-
administration of both ABCB1 substrates can cause
competitive efflux transport, meaning other ABCB1 substrates
such as TKIs remain in the liver instead of H2 blockers exiting.
This increases the risk of TKI-induced hepatotoxicity.

TKIs as a class with different mechanisms were included in
this study. Like differences between epidermal growth factor
receptor (EGFR) TKIs and non-receptor TKIs, differences in
mechanisms may affect the occurrence of TKI-induced toxicity
(29). However, this was not found in this study, probably because
many TKIs have multiple targets, as imatinib mainly targets bcr-
abl but also affects a receptor tyrosine kinase, platelet-derived
growth factor receptor (PDGFR).

TKIs included in this study were used as a single daily dose
(gefitinib 250 mg, crizotinib 250 mg, and lapatinib 1250 mg)
except for imatinib and erlotinib, and the effects of drug doses on
hepatotoxicity were not found in both drugs. In the case of
imatinib, the dose range was 100 to 800 mg daily; it was not a
significant factor for imatinib-induced hepatotoxicity in the
multivariate analysis. For erlotinib, the daily dose was either
100 mg or 150 mg, and the statistical significance was not found.
Since the three drugs among five TKIs in this study were used as
a single dose, the effect of drug doses on clinical efficacy and
safety should be further investigated.

The AUROC values of machine learning methods ranged
between 0.73-0.75. The machine learning methods that showed
the best AUROC values were the five-fold multivariable logistic
regression model and the elastic net model, a penalized linear
regression model that combined the penalties of the lasso and
ridge methods (30). The constructed risk scoring system showed
good performance with the AUROC value of 0.75.
TABLE 2 | Univariate and multivariate analyses to identify predictors for hepatotoxicity related to TKI administration.

Characteristics Unadjusted OR Adjusted OR
(95% CI) (95% CI)

Male 0.996 (0.711-1.394) 1.418 (0.962-2.090)
Age ≥ 60 years 0.730 (0.523-1.020)
BSA ≥ 1.6 0.852 (0.610-1.189)
Liver metastasis 3.963 (2.432-6.457)** 2.146 (1.224-3.762)**
CYP3A4 inhibitors 3.882 (1.750-8.611)**
CYP3A4 inducers 3.929 (1.928-8.007)**
Anticancer drugs 7.510 (5.098-11.063)** 6.002 (3.956-9.107)**
H2 blockers 1.665 (1.168-2.375)**
PPIs 1.644 (1.075-2.514)*
H2 blockers/PPIs 1.894 (1.353-2.652)** 1.461 (0.987-2.163)
March 2022 | Volum
BSA, body surface area; CYP3A4, cytochrome P450 3A4; OR, odds ratio; PPI, proton pump inhibitor.
*P < 0.05, **P < 0.01.
TABLE 3 | Machine learning models’ performance.

Model AUROC (95% CI) Sensitivity Specificity

Multivariate logistic regression 0.75 (0.701 - 0.804) 0.601 0.836
Elastic net 0.75 (0.703 - 0.805) 0.601 0.838
Random forest 0.73 (0.681 - 0.775) 0.601 0.838
e 12 | Art
AUROC, area under the receiver-operating curve; CI, confidence interval.
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FIGURE 1 | The receiver-operating curves (ROC) for five-fold cross-validated multivariate logistic regression, elastic net, and random forest (RF).
TABLE 4 | Machine learning model specifics.

Method Hyperparameter

Model specification and search grids Selected values

Elastic net l: 100 equally spaced values in logarithmic scale between 10-4 and 0 l: 0.03511192
a: 0, 0.2, 0.4, 0.6, 0.8, 1 a: 0

Random forests mtry: 1-4 mtry: 1
Frontiers in Oncology | www.frontiersin.org
 March 2022 | Volume 126190
SVM, Support vector machine.
FIGURE 2 | The logistic regression curve of the probability of hepatotoxicity versus the proposed scoring scale.
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There are several limitations to this study. The main
limitation is the retrospective design of our study. It was
impossible to obtain the patient’s drug concentration to assess
the relationship with the onset of hepatotoxicity or the patient’s
tissue to analyze the pattern of hepatotoxicity. In addition, not all
TKIs were included in this study; especially, only one TKI among
five TKIs with black box warning for hepatotoxicity was
analyzed, Therefore, it needs to be cautious to apply this result
to other TKIs. Since a relatively large number of patients were
excluded according to the exclusion criteria, it is possible that
real-world data could be different. However, the characteristics
between included patients and excluded patients were not
significantly different. Despite several shortcomings, our study
is significant because it is the first to develop a risk scoring system
for the hepatotoxicity caused by the selected TKIs in cancer
patients. Furthermore, machine learning models were used to
predict the increased risk of hepatotoxicity.

In conclusion, our study demonstrated that the presence of
liver metastasis and the concurrent use of PPIs or H2 blockers
were related to TKI-induced hepatotoxicity. Male patients and
patients administered anticancer drugs experienced an increased
risk of hepatotoxicity. Before applying these results to clinical
settings, it is necessary to consider other factors that may affect the
efficacy and safety of the TKIs, such as daily dose, drug interaction,
and genetic factors. Considering our retrospective study design
and only five selected TKIs were included in this study, further
prospective studies are needed to validate our findings.
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Autoimmune diseases and malignant tumors are the two hotspots and difficulties that are
currently being studied and concerned by the medical field. The use of PD-1/PD-L1
inhibitors improves the prognosis of advanced tumors, but excessive immune responses
can also induce immune-related adverse events (irAEs). Due to this concern, many clinical
trials exclude cancer patients with preexisting autoimmune disease (AID). This review
outlines the possible mechanisms of irAE, discusses the safety and efficacy of PD-1/PD-L1
inhibitors in cancer patients with preexisting AID, and emphasizes the importance of early
recognition, continuous monitoring, and multidisciplinary cooperation in the prevention
and management of cancer patients with preexisting AID.

Keywords: PD-1/PD-L1 inhibitors, autoimmune diseases, cancer, immune-related adverse events, immunotherapy

INTRODUCTION

Programmed cell death protein 1 receptor (PD-1), also known as CD279, is a type I transmembrane
protein receptor containing 288 amino acids. It was first described in the early 1990s and is expressed
during apoptosis induction in T cell hybridomas (Gong et al., 2018). Subsequent reports found that
PD-1-deficient mice exhibited autoimmune disease-like features (lupus-like arthritis,
glomerulonephritis, and splenomegaly), demonstrating that PD-1 is a negative regulator of
immune response (Nishimura et al., 1999). PD-1 is expressed on activated T cells, B cells,
macrophages, regulatory T cells (Tregs), and natural killer (NK) cells. Binding to programmed
death ligand 1 (PD-L1 or B7-H1) or PD-L2 (B7-DC) negatively regulates T cell-mediated immune
responses in peripheral tissues to limit the effector T cell responses and protect the tissues from
immune-mediated tissue damage (Keir et al., 2008). The interaction of PD-1/PD-L1 in the tumor
microenvironment can promote T cell dysfunction, failure, apoptosis, neutralization, and the
formation of IL-10, thus enhancing the proliferation and survival of tumor cells to promote the
development and progression of cancer (Akinleye and Rasool, 2019). Studies have shown that
tumors are highly infiltrated by Treg cells, and the co-inhibitory receptors expressed on Tregs (such
as PD1) and a series of co-inhibitory ligands (such as PD-L1/PD-L2) can significantly promote
tumor escape (Nishimura et al., 1999). In this context, PD-1/PD-L1 signal transduction represents a
viable target for novel anticancer therapy. PD-1/PD-L1 inhibitors came into being and gradually
became the focus of attention Figure 1.

Although PD-1/PD-L1 inhibitors have been shown to be more effective and less toxic than
chemotherapy, immune-related adverse events (irAEs) that may be related to their mechanism have
been observed (Okwundu et al., 2021). Common sites of irAE include the thyroid, gastrointestinal
tract, skin, and liver, but any organ system can be affected (Okwundu et al., 2021). Although most
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irAEs are usually reversible or easily controllable, they may be
associated with irreversible organ damage or death in rare cases
(Wang et al., 2018).

Autoimmune diseases are generally considered relatively
uncommon [the overall prevalence is about 3–5% (Wang
et al., 2015) in the general population], but their impact on
mortality and morbidity is significant. Under the influence of
certain factors, the body’s tissue components or the immune
system itself has some abnormalities, causing the immune system
to mistakenly treat its own components as foreign objects to
attack, that is, the destruction of immune tolerance, which is the
basis of autoimmune diseases. IrAEs caused by PD-1/PD-L1
inhibitors usually have similar phenotypes and physiological
characteristics to autoimmune diseases. For patients with
preexisting AID, the use of immunotherapy seems to
exacerbate the underlying autoimmune diseases (Kennedy
et al., 2019). Therefore, cancer patients with autoimmune
diseases have traditionally been excluded from most clinical
trials. At present, the efficacy and safety of PD-1/PD-L1
inhibitors in cancer patients with AID remain unknown.
There are also concerns about whether the frequent baseline
use of immunosuppressants such as corticosteroids at the
beginning of PD-1/PD-L1 inhibitors in AID patients may
reduce efficacy in these patients; whether the status and types
of autoimmune diseases will alter the risk of adverse events; and
whether patients with underlying autoimmune diseases may
benefit more from immunotherapy. These questions are still
unknown yet. In this review, we summarized the relevant
retrospective studies and several similar reviews from basic to
clinical to discuss the mechanism of irAE and the safety and
effectiveness of PD-1/PD-L1 inhibitors in AID patients and

finally gave an overall overview of the prevention and
management of adverse events, introduced some novel
therapeutic methods, and looked forward to the future.

Relationship Between Autoimmune
Diseases and Cancer
Cancer and autoimmune diseases are two different pathological
conditions, especially in terms of immunity, showing opposite
patterns, that is, cancer can evade the immune system or weaken
the host’s immune response, while autoimmune diseases are the
host’s immune response to self-antigens. However, there is plenty
of evidence to suggest that the association between cancer and
autoimmune diseases is bidirectional (Giat et al., 2017). On the
one hand, the antitumor immune response may cross-react with
the autologous tissue, leading to the development of
autoimmunity (Masetti et al., 2021). On the other hand,
Figure 2 suggests that an increased risk of malignancy was
observed in different autoimmune diseases. This may be
associated with chronic inflammation and tissue damage
caused by autoimmunity, inability to clear carcinogenic viral
infections, and long-term immunosuppressive therapy. In
theory, chronic immunosuppression can promote the
development and progression of malignant tumors, while
enhanced immune function may reduce the incidence,
progression, and aggressiveness of cancer. Therefore, clinicians
may think that autoimmune diseases have a negative impact on
tumor development, but this is precisely not true. The interaction
between autoimmune and cancer is a complex multistep process.

Patients with AID have an increased risk of cancer, which is
mainly related to hematological malignancies (Niccolai et al.,
2020). Approximately 14%–25% (Khan et al., 2016; Haanen et al.,
2020b) of patients diagnosed with lung cancer suffer from
autoimmune diseases, including but not limited to rheumatoid
arthritis (RA), psoriasis (PSO), polymyalgia rheumatica (PMR),
systemic lupus erythematosus (SLE), inflammatory bowel disease
(IBD), and Sjogren’s syndrome (SS). Next, we will review the
cancer risk of some autoimmune diseases. RA: In the meta-
analysis of Simon and colleagues (Simon et al., 2015), the
standardized incidence rate (SIR) of lymphoma was 2.46 (95%
CI, 2.05–2.96), malignant lymphoma was 3.21 (95% CI,
2.42–4.27), and non-Hodgkin lymphoma was 2.26 (95% CI,
1.82–2.81). The risk of lung cancer (SIR, 1.64; 95% CI,
1.51–1.79) and melanoma (SIR, 1.23; 95% CI, 1.01–1.49) has
also increased. It is speculated that RA itself may cause a
continuous inflammatory state, and cancer may have common
risk factors with RA, which lead to increased cancer risk (Pundole
and Suarez-Almazor, 2020). PSO: In a systematic review and
meta-analysis of 112 studies including more than 2 million
patients (Geller et al., 2018; Vaengebjerg et al., 2020), the
overall prevalence of cancer in patients with psoriasis was
4.78% (95% CI, 4.02%–5.59%). The overall cancer risk
increased slightly, with a risk ratio (RR) of 1.21 (95% CI,
1.11–1.33). The risk of several cancers is increased, including
keratinocyte carcinoma (RR, 2.28; 95% CI, 1.73–3.01), lymphoma
(RR, 1.56; 95% CI, 1.37–1.78), lung cancer (RR, 1.26; 95% CI,
1.13–1.40), and bladder cancer (RR, 1.12; 95% CI, 1.04–1.19).

FIGURE 1 | Tumor cell-mediated immune escape and the treatability of
PD-1/PD-L1 inhibitors. Antigen-presenting cells (APCs) recognize the
antigens released by tumor cells and present them to T cells to promote the
activation of T cell. However, the ligand PD-L1 expressed on tumor cells
binds to PD-1 on T cells, promoting T cell dysfunction and inhibiting immune
response. In the context of MHC, tumor cell antigens can also be presented
directly to activate T cells. PD-1/PD-L1 inhibitors can block the binding of
T cells to tumor cells and inhibit immune evasion. Reprinted from Su et al.
(2020). Copyright © 2020 Su, Wang, Liu, Guo, Zhang, Li, Zhou, Yan, Zhou,
and Zhang.
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SLE: In 2015, Cao et al. (2015) included 16 studies involving
59,662 SLE patients and found that the overall RR of cancer was
1.28 (95% CI, 1.17–1.41). In 2018, Song et al. (2018) included 24
studies, and the results showed that SLE was associated with an
increased overall cancer risk (SIR, 1.28; 95% CI, 1.16–1.42). The
underlying mechanismmay explain the development of cancer in
SLE patients. On the one hand, patients have a basic deficiency in
their immune function, leading to immune disorders, which may
prevent abnormal cells from being removed and ultimately lead
to an increased risk of cancer. On the other hand, drugs used for
immunosuppressive therapy may also exacerbate immune
disorders and further increase the risk of cancer. IBD: The risk
of cancer in IBD patients is related to time. It increases by 2% in
10 years, 8% in 20 years, and 18% in 30 years (Eaden et al., 2001;
Nadeem et al., 2020). In IBD patients, chronic intestinal
inflammation is the main risk factor for gastrointestinal
malignancies. Cancers caused by chronic intestinal

inflammation include colorectal cancer (SIR, 5.7; 95% CI,
4.6–7.0), small intestinal adenocarcinoma (SIR, 27.1; 95% CI,
14.9–49.2), intestinal lymphoma (SIR, 17.51; 95% CI,
6.43–38.11), anal cancer, and cholangiocarcinoma (Axelrad
et al., 2016). SS: In a systematic review (Cappelli and Shah,
2020), the overall cancer risk of Sjogren’s syndrome is higher
than that of the general population, with a risk ratio of 1.53. The
most common cancer is lymphoma. Patients with primary
Sjogren’s syndrome (pSS) are 10–44 times more likely to
develop lymphoma than healthy individuals (Igoe et al., 2020).
In order to lay the foundation of risk stratification and targeted
cancer screening, larger longitudinal cohort studies that provide a
more detailed framework of the links between cancer and
autoimmunity are urgently needed. In view of the increased
risk of cancer in patients with autoimmune diseases, for
clinicians, it is important to be aware of the cancer risk of a
patient with autoimmune disease. At the same time, when

FIGURE 2 | Mechanisms of cancer occurrence and regulation in autoimmune diseases. Tumorigenesis in AID can be divided into three stages (A–C). In the first
stage [(A)Onset], genetic predisposition, environment, gender, age, and random factors can contribute to the development of autoimmunity in a healthy individual, which
lasts about three or 4 years. In the second stage [(B) Established autoimmune disease], as time goes on, a runaway mix of pro-inflammatory and anti-inflammatory
events, maintaining the balance between co-activators (type I and II interferon) and co-suppressors (PD-1/PD-L1 and CTLA4) through responsive feedback
pathways activated by T cells, B cells, dendritic cells, and macrophages, which is the characteristic of AID, can cause the damage of organs and tissues. At the same
time, chronic inflammation may lead to a loss of antiproliferative signals and abnormal differentiation of normal cells, eventually leading to the development of cancer. In
the third stage [(C) Tumor in preexisting AIDs], tumors regulate the internal environment of autoimmunity, evade immune surveillance through tumor-promoting factors,
and break the balance of chronic inflammation by causing T cells depletion and immune tolerance through co-inhibitory molecules. Therefore, we need to use
immunotherapy to curb tumor progression. CTLA-4, cytotoxic T lymphocyte-associated proteins 4; IFN, interferon; MDSCs, myeloid-derived suppressor cells; MHC,
major histocompatibility complex; PD-L1, programmed cell death-1 ligand; TAM, tumor-associated macrophages. Reprinted from Valencia et al. (2019). Copyright ©

2019, Mary Ann Liebert, Inc., publishers.
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receiving a cancer patient, it is necessary to distinguish whether
the patient has previously had autoimmune diseases before
making the next correct decision Table 1.

PD-1/PD-L1 Inhibitors and IrAE
There are currently six FDA-approved PD-1/PD-L1 inhibitors:
nivolumab, pembrolizumab, cemiplimab, atezolizumab,
durvalumab, and avelumab Table 2.

PD-1/PD-L1 inhibitors have changed the therapeutic
prospects for patients with advanced malignancies. In
carcinogen-induced cancers or virus-driven cancers such as
Hodgkin’s lymphoma, virus-driven skin Merkel cell carcinoma,
and microsatellite instability cancer, the response rate is 50–90%
(Ribas and Wolchok, 2018). The second high response rate is
cancers with high immunogenicity such as melanoma, NSCLC,
RCC, and HCC, and the objective response rate is between 20%
and 40% (Wu et al., 2019). However, while bringing hope to
patients, we also need to be alert to the unique toxicity caused by
immune overactivation, that is, the emergence of immune-related
adverse events (irAEs).

IrAE is very common, which can be occurred in 70% of
patients treated with PD-1/PD-L1 inhibitors, and most of irAE
occurs 3–6 months after the start of treatment (Michot et al.,
2016). Recently, a meta-analysis (Nishijima et al., 2017) showed
that PD1/PD-L1 inhibitors are associated with a lower risk of

treatment-related symptoms (fatigue, anorexia, nausea, diarrhea,
constipation, and sensory neuropathy) and hematological
toxicity. However, in patients treated with PD1/PD-L1
inhibitors, the risk of irAE is increased. The most commonly
reported irAEs are endocrine diseases (thyroid diseases such as
hypothyroidism and hyperthyroidism, followed by pituitary and
adrenal dysfunction), gastrointestinal tract symptoms (diarrhea,
colitis, and nausea), lung disease (pneumonia), skin symptoms
(rash, itch, and leukoplakia), and musculoskeletal symptoms
(arthralgia and myalgia) (Khoja et al., 2017). Compared with
CTLA-4 inhibitors, PD-1/PD-L1 inhibitors are more prone to
pneumonia (OR 6.4; 95% CI, 3.2–12.7), hypothyroidism (OR, 4.3;
95% CI, 2.9–6.3), arthralgia (OR, 3.5; 95% CI, 2.6–4.8) and vitiligo
(OR, 3.5; 95% CI, 2.2–5.3) (Igoe et al., 2020). Although irAEs are
usually mild and can be controlled by clinicians, some can be
fatal, such as pneumonia, cardiopulmonary arrest, heart failure,
myocardial infarction, and stroke. There is evidence (Okwundu
et al., 2021) that the incidence of fatal adverse events caused by
immunosuppressive therapy is estimated to be 0.3%–1.3%, which
is lower than the risk associated with traditional treatment, the
platinum-containing dual-drug chemotherapy is about 0.9%,
while the allogeneic hematopoietic stem cell transplantation is
about 15%. The severity of irAE does not seem to be related to the
dose of PD-1/PD-L1 inhibitors because the incidence of irAEs is
very similar between 3 and 10 mg/kg nivolumab (Topalian et al.,

TABLE 1 | Patients with autoimmune diseases may have an increased risk of developing cancer.

Autoimmune disease Associated cancer Risk metric
(95%CI where available)

Reference

Rheumatoid arthritis Multiple SIR: 1.09 (1.06–1.13) Simon et al. (2015)
Psoriasis Multiple RR: 1.21 (1.11–1.33) Geller et al. (2018)

Vaengebjerg et al. (2020)
Systemic lupus erythematosus Multiple RR: 1.28 (1.16–1.42) Cao et al. (2015)

Song et al. (2018)
Inflammatory bowel disease Colorectal cancer SIR: 1.7 (1.2–2.2) Lutgens et al. (2013)
Sjogren’s syndrome Multiple RR: 1.53 (1.17–1.88) Liang et al. (2014)
Autoimmune gastritis Gastric adenocarcinoma OR: 2.18 (1.94–2.45) Massironi et al. (2019)
Dermatomyositis Multiple OR: 14.5 (2.35–89.3) Lau et al. (2021)

TABLE 2 | FDA-approved PD-1/PD-L1 inhibitors (Constantinidou et al., 2019).

Target Molecular Antibody type Approved in Company Commercial
name

PD-1 Nivolumab Human IgG4 Unresectable or metastasized melanoma; squamous non-small cell lung cancer
(NSCLC); advanced renal cell carcinoma (RCC); urothelial carcinoma; colorectal
cancer; hepatocellular carcinoma (HCC); head and neck cancer (HNSCC)

Bristol-Myers
Squibb

Opdivo

PD-1 Pembrolizumab Humanized
IgG4

Advanced or unresectable malignant melanoma; NSCLC; HNSCC; advanced
gastric cancer; Hodgkin’s lymphoma; urothelial carcinoma; bladder cancer;
colorectal cancer; HCC; RCC

Merck Keytruda

PD-1 Cemiplimab Human IgG4 Cutaneous squamous cell carcinoma (CSCC); basal cell carcinoma; NSCLC Sanofi,
Regeneron

Libtayo

PD-L1 Atezolizumab Humanized
IgG1k

Urothelial carcinoma; NSCLC; small cell lung cancer (SCLC); breast cancer; HCC;
unresectable or metastasized melanoma

Roche,
Genentech

Tecentriq

PD-L1 Durvalumab Human IgG1k NSCLC; extensive stage-small cell lung cancer (ES-SCLC); urothelial carcinoma;
bladder cancer

AstraZeneca Imfinzi

PD-L1 Avelumab Human IgG1 Merkel cell carcinoma (MCC); urothelial carcinoma; RCC Merck Serono,
Pfizer

Bavencio
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2014). In a cohort study (Robert et al., 2014), there was no
significant difference in the incidence of irAE between 2 and
10 mg/kg pembrolizumab.

Diagnosing irAE is challenging due to their high variability
and nonspecific clinical manifestations (Hommes et al., 2020).
This makes it complicated to distinguish irAE from other
diagnoses, such as infection or tumor progression, and often
leads to a delay in diagnosis, so we need to identify the specific
mechanisms of irAE and biomarkers that can predict or signal
irAE at an early stage. The specific mechanism of irAE is still
under study. At present, its mechanism is considered to be mainly
mediated by T cells, but other immune cell types have also been
proposed (Sanchez et al., 2019) Figure 3.

Cytotoxic T Cells Attack Normal Tissues
PD-1/PD-L1 inhibitors may cause the activation of cytotoxic
T cells against antigens shared by tumors and normal tissues. It
has been suggested that irAE may be related to epitope
spreading (Lee et al., 2021). Because immunotherapy is not
tumor-specific, both tumor cells and normal “bystander cells”
are damaged, and neoantigens and autoantigens on tumor cells
are released into the blood. Antigen-presenting cells (APCs)

recognize and cross-present these antigens, triggering a
secondary immune response (June et al., 2017). Epitope
spreading allows T cells not only to attack more targets on
the tumors but also to attack normal tissues, leading to irAE.

Loss of Homeostasis of Regulatory T Cells
Tregs (mainly CD25+Foxp3+ Tregs) can promote immune escape
of tumor cells by inhibiting antitumor immunity. PD-L1 can
induce Foxp3 expression and Tregs differentiation in the
periphery (Kumar et al., 2020). A current study (Wang et al.,
2009) has shown that decreased intracellular Foxp3 expression
was observed in the peripheral blood mononuclear cell (PBMC)
of patients treated with PD-1 inhibitors for melanoma, resulting
in weakened Tregs function and loss of self-tolerance, thus
leading to irAE.

B Cells and Antibody-Mediated Toxicity
A study (Das et al., 2018) has shown that immunotherapy can lead to
a decrease in circulating B cells and an increase in CD21lo PD1+

memory B cells and plasma cells. Single-cell RNA sequencing of
CD21lo PD1+ B cells showed that gene transcription related to cell
activation and inflammatory cytokines increased after treatment. In

FIGURE 3 | Possible mechanisms of irAE, including cross-reactions between antitumor T cells and similar antigens on healthy cells, downregulation of the function
of regulatory T cells, emergence of autoantibodies, and increase of pro-inflammatory cytokines. Research on the mechanism of irAE is not only helpful in establishing
treatment strategies for irAE, managing irAE and improving the prognosis and quality of life of cancer patients but also important in understanding the underlying
immunology of spontaneous autoimmune diseases. TCR, T cell receptor; TNF, tumor necrosis factor. Reprinted from Ramos-Casals et al. (2020). Copyright ©

2020, Springer Nature Limited.
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addition, CD21lo B cells expressed lower levels of lymphoid tissue-
homing chemokine receptors CXCR4 and CXCR5 compared with
CD21hi B cells, suggesting that CD21lo B cells may have a greater
ability to transport to nonlymphoid tissues and contribute to the
inflammatory process that maymediate autoimmunity (Liudahl and
Coussens, 2018). Clinically, patients with early B cell changes
experienced a higher incidence of irAE 6months after treatment
(Das et al., 2018). In another study (Osorio et al., 2017), when
pembrolizumab was used to treat NSCLC, 21% of patients had
thyroid dysfunction. Among these patients, 80% of patients
developed antithyroid antibodies, and the appearance of
antibodies was related to the use of PD-1/PD-L1 inhibitors. This
indicates that PD-1/PD-L1 may regulate its own immune balance,
leading to the rapid activation of memory B cells, recruiting classical
complement and pro-inflammatory cells to signal damage. When
studying the underlyingmechanisms of irAE, B cell is also one of the
roles that cannot be ignored.

Cytokines
The cascade of immune responses requires effective cell-to-cell
communication. Cytokines have multiple regulatory effects to
maintain immune balance. However, a strong cytokine storm
after immunotherapy may lead to overactivation of T cells that
target self-organizations. In a prospective study (Kurimoto et al.,
2020), the higher levels of serum IL-1β, IL-2, and GM-CSF as well
as IL-8, G-CSF, and MCP-1 that were reduced in the early
treatment period, were significantly associated with the
occurrence of thyroid irAE (p < 0.05). In another longitudinal
analysis (Lim et al., 2019), the increased expression of 11
cytokines (G-CSF, GM-CSF, fractalkine, FGF-2, IFNα2,
IL12p70, IL1a, IL1B, IL1RA, IL2, and IL13) is closely related
to severe irAEs which require high-dose immunomodulator
intervention. Overall, in these studies, low baseline levels and
after treatment significantly elevated levels of key cytokines prove
that cytokines appear to be associated with irAE.

Innate Immune Cells
In a retrospective analysis (Pavan et al., 2019), the low neutrophil-
to-lymphocyte ratio (NLR) and low platelet-to-lymphocyte ratio
(PLR) at baseline were significantly correlated with the
occurrence of irAEs (OR, 2.2, p = 0.018; OR, 2.8, p = 0.003).
In another retrospective analysis of 146 patients (Krishnan et al.,
2020), patients with eosinophilia were more likely to have irAEs
(p = 0.042). In addition, NK cells themselves may express PD-1,
and the PD-1/PD-L1 axis inhibits NK cell responses in vivo.
Therefore, treatment with PD-1/PD-L1 inhibitors may lead to the
activation of NK cells, leading to potential irAEs (Hsu et al.,
2018). At present, everyone is gradually beginning to focus on the
specific mechanisms by which innate immune cells cause irAEs.

Environmental Factors
More and more evidences show that individual intestinal flora can
change immune homeostasis and tolerance (Young et al., 2018). The
impact of antibiotic use was explored in a group of patients receiving
PD-1/PD-L1 inhibitors. Compared with the nonantibiotic group,
patients who received antibiotic treatment before, during, or shortly
after PD-1/PD-L1 inhibitors treatment had significantly lower T
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progression-free survival (PFS) and overall survival (OS) (Matson
et al., 2018). Possible mechanisms linking microbes and
immunotherapy include the stimulation of T cells by specific
bacterial antigens, which then trigger cross-reactions against
tumor neoantigens. Meanwhile, bacterial toxins can also stimulate
the recruitment of T cells, thereby releasing inflammatory cytokines
such as IL-17, and combat immune tolerance (Chau and Zhang,
2021). IrAEsmay be related to bacterialmetabolites, which have pro-
inflammatory properties. In the case of ecological disorders, it may
cause abnormal activation of the immune system Table 3. For
example, short-chain fatty acids (SCFAs), the main end metabolite
produced by the gut microbiota (Schirmer et al., 2016), can increase
the level of IL-17, which is a pro-inflammatory cytokine that plays a
key role in irAEs. It is also important to clarify the impact of non-GI
tractmicrobiota andwhether PD-1/PD-L1 inhibitors-driven irAEs is
affected by other environmental factors. We still have a long way to
go. It is worth mentioning that unlike PD-1 inhibitors, PD-L1
inhibitors only block the interaction between PD-1 and PD-L1
and retain the interaction between PD-1 and PD-L2. Although
the overall toxicity characteristics of PD-1 inhibitors and PD-L1
inhibitors are similar, it has been suggested that targeted PD-L1
therapy reduces the frequency of irAEs to a certain extent and
maintains self-tolerability (Buchbinder and Desai, 2016).

Safety and Effectiveness of PD-1/PD-L1
Inhibitors in Patients With Preexisting
Autoimmune Diseases
PD-1/PD-L1 inhibitors are easy to cause irAEs, and the impaired
function of PD-1/PD-L1 plays an important role in a variety of
autoimmune diseases (Zamani et al., 2016). Many patients with

autoimmune diseases are excluded from clinical trials of PD-1/
PD-L1 inhibitors because of concerns about the activation of
underlying autoimmune diseases, the flare of preexisting
autoimmune diseases, and the potential susceptibility to severe
irAEs. However, as PD-1/PD-L1 inhibitors are used in a wider
range of cancers, the need to evaluate the risk-benefit ratio of
immunosuppressants used in cancer patients with preexisting
autoimmune diseases will gradually increase. Recent studies
(Abdel-Wahab et al., 2018; Danlos et al., 2018; Cortellini et al.,
2019; Tison et al., 2019; Xie et al., 2020) have shown that the risk
of the flare of autoimmune diseases or de novo irAEs after
receiving immunotherapy is statistically higher in patients with
preexisting autoimmune diseases, but they are usually mild and
can be controlled without stopping the drugs. With close
monitoring of patients’ symptoms and multidisciplinary
cooperation, PD-1/PD-L1 inhibitors are relatively safe
(Menzies et al., 2017; Pantuck et al., 2019). Next, we will
summarize the data from several of these studies Table 4.

In a systematic review (Abdel-Wahab et al., 2018) of 123
cancer patients with preexisting autoimmune diseases, after
treatment with PD-1/PD-L1 inhibitors, 92 (75%) patients had
exacerbations of preexisting autoimmune diseases (41%), de novo
irAEs (25%), or both (9%). In patients with active and inactive
autoimmune diseases, no difference in adverse events was
observed. It is interesting to note that CTLA-4 inhibitors are
more likely to cause de novo irAEs, while PD-1/PD-L1 inhibitors
are relatively more likely to cause the exacerbation of
autoimmune diseases. In another article (Xie et al., 2020) that
covers 619 AID patients receiving immunotherapy, 60% of
patients had different degrees of exacerbation of the original
autoimmune disease (27%), de novo irAEs (25%), or both (8%).

TABLE 4 | Retrospective studies of PD-1/PD-L1 inhibitors in patients with preexisting AID.

Author Patient Tumor AID
exacerbation

De novo
irAE

ORR

Menzies N = 52, rheumatoid arthritis (13), other rheumatic diseases
(14), psoriasis (6)

Melanoma 20 (38%) 15 (29%) 17 (33%)
Menzies et al.
(2017)
Alice Tison N = 112 (PD-1/PD-L1 inhibitors n = 95), psoriasis (31),

rheumatoid arthritis (20), and inflammatory bowel disease (14)
Melanoma (66), NSCLC (40),
urinary cancer (4), MCC (2)

43 (45%) 34 (36%) 48 (52%)
Tison et al. (2019)
Leonardi N = 56, rheumatism (25), psoriasis (14), and endocrine

diseases (9)
NSCLC 13 (23%) 21 (38%) 11 (22%)

Leonardi et al.
(2018)
Hoa N = 27, rheumatoid arthritis (8), psoriatic arthritis (8), and

inflammatory bowel disease (4)
NSCLC (15), melanoma (8), other
cancers (4)

14 (52%) 14 (52%) 14 (52%)
Hoa et al. (2021)
Monique N = 187, rheumatism (89), endocrine diseases (73), and

IBD (31)
Melanoma — Grade 3 or 4

irAE, 31 (17%)
71 (40%)

van der Kooij et al.
(2021)
Gutzmer N = 19, rheumatism (9), thyroiditis (5), and psoriasis (2) Melanoma 8 (42%) 3 (16%) 6 (32%)
Gutzmer et al.
(2017)
Loriot N = 35, psoriasis (15), thyroid disease (6), and rheumatoid

arthritis (4)
Urinary system cancers 4 (11%) — 4 (11%)

Loriot et al. (2020)
Fountzilas N = 123 (PD-1 inhibitors n = 102), rheumatism (54) and

endocrine diseases (26)
NSCLC (84), melanoma (18),
head and neck cancer (6)

31 (25.2%) 43 (35%) 57
(56.4%)Fountzilas et al.

(2022)
Richter N = 16 (PD-1 inhibitors n = 12), rheumatism (16) Melanoma (10), pulmonary (4),

hematologic (2)
1 (6.3%) 6 (38.5%) —

Richter et al.
(2018)
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Most de novo irAEs are mild, occurring most commonly in colitis,
thyroiditis, and hypophysitis. Interestingly, compared with other
autoimmune diseases, patients with rheumatoid arthritis seem to
tend to aggravate the onset of the disease (RR = 1.25–1.88). This
suggests that the type of AIDmay have heterogeneity in the safety
of patients.

In a prospective study (Danlos et al., 2018), 45 cancer patients
with 53 AIDs were evaluated and compared with 352 non-AID
patients included in the same period. The study found that 20
patients (44.4%) had at least one irAE, while 102 (29%) of non-
AID patients had irAE. More than half of AID patients did not
have a disease attack, and only 25% of irAE patients were in the
need to stop PD-1 inhibitors. There was no significant difference
between the AID group and the non-AID group in terms of
overall survival time and objective response rate (p = 0.38 and
0.098), indicating that PD-1/PD-L1 inhibitors seem to be safe and
effective in patients with AID as in patients without AID.

In a “real world” retrospective multicenter observational study
(Cortellini et al., 2019), 56 (65.9%) and 8 (9.4%) patients
experienced any grade of irAEs and grade 3/4 of irAEs,
respectively. In contrast, among 666 non-AID patients, 266
(39.9%) and 59 (8.8%) patients had experienced any grade of
irAEs and grade 3/4 of irAEs, respectively. This indicates that
patients with preexisting AID have a significantly higher risk of
irAEs (p < 0.0001), but they do not seem to be exposed to the risk
of serious adverse events (p = 0.8863).

In summary, although the risk of irAEs is increased, most
irAEs are mild and controllable. For most patients with AID,
clinicians should consider the potential severity of AID in
patients before administering treatment, properly inform
patients of the risks and benefits of treatment, and these
patients should be closely monitored during and after
treatment. Under multidisciplinary cooperation and close
monitoring, the use of PD-1/PD-L1 inhibitors may be not
only safe but also effective (Rakshit and Molina, 2020).
However, most of the evidences for the use of PD-1/PD-L1
inhibitors in preexisting AID patients are limited to
retrospective analysis with associated risk of bias, such as
selection bias. They also had a relatively small sample size,
which could limit the validity of the results. Larger
retrospective and prospective analyses will help further to
characterize the risk of immunotherapy for patients with
specific autoimmune diseases.

AID Types and Patients Safety
Tison et al. (2019) found that autoimmune diseases flare in
patients receiving PD-1/PD-L1 inhibitors after treatment varies
depending on the type of preexisting autoimmune disease. It is
more common in patients with psoriatic/psoriatic arthritis or RA
than in patients with lupus. The onset of inflammatory bowel
disease is the most serious, and three patients require biological
DMARD, so we must be careful with these patients. Fountzilas
et al. (2022) found that patients with flare had more commonly
underlying dermatologic diseases (n = 12, 38, 7%), with the vast
majority (n = 10) having been diagnosed with psoriasis. Gutzmer
et al. (2017) pointed out that the flare of AID seems to be more
common in patients with rheumatism and psoriasis. Menzies

et al. (2017) found that 14/27 (52%) patients with rheumatism, 3/
8 (37.5%) patients with psoriasis, 1/4 (25%) patients with Graves’
disease, and 2/2 (100%) patients with immune thrombocytopenic
purpura developed autoimmune diseases flare, and in contrast,
patients with gastrointestinal (n = 6), nervous system (n = 5), and
respiratory (n = 2) diseases did not experience flare after
treatment. Leonardi et al. (2018) reported that the flare of
rheumatism was significantly higher than that of non-
rheumatism AID patients (40% vs. 10%; p = 0.01). Xie et al.
(2020) found that compared with Pso/PsA (RR, 1.25; 95% CI,
0.85–1.82), AIT (RR, 1.88; 95% CI, 0.92–3.85), or IBD (RR, 1.50;
95% CI, 0.86–2.63), the risk of flare of RA is numerically higher,
but it does not reach statistical significance. At the same time, the
study puts forward the trend of more flares in patients with
rheumatism. In terms of mechanism, studies (Zamani et al., 2016)
have shown that the single nucleotide polymorphism of the PD-1
encoding gene PDCD1may be related to the flare of autoimmune
diseases. The polymorphism of intron 4 (PD1.3) interferes with
the binding of runt-related transcription factor 1 (RUNX1) and
affects the production of PD-1. There is a statistically significant
association between the SNP at the RUNX1 binding site and the
susceptibility to RA and psoriasis (Lee et al., 2009), which easily
leads to the appearance of RA and psoriasis, while many other
AIDs do not involve or rely heavily on the PD-1 signal path. This
suggests that doctors should also consider AID types (Pantuck
et al., 2019) when deciding whether to use PD-1/PD-L1
inhibitors. Compared with other autoimmune diseases, for
patients with rheumatism or psoriasis, we should be more
alert to the flare of original autoimmune diseases after
treatment and should carefully weigh the benefits and risks of
treatment. Due to the complexity and diversity of possible AID
flares and irAEs, multiple sub-specialist physicians need to
cooperate to care for these patients.

AID Status and Patients Safety
The intensity of the autoimmune response is often closely related
to the condition. When the condition is active, the autoantibody
titers increase, and when the condition is inactive, the
autoantibody titers decrease. Therefore, we speculate that the
state of autoimmune diseases can affect the immune system, and
there seems to be a correlation with the incidence of adverse
events in the immunotherapy of cancer patients. In a
retrospective study of 751 stage IV cancer patients by
Cortellini et al. (2019), in inactive AID, the incidence of any
grade of irAEs and G3/G4 irAEs was 64.3% and 8.6%,
respectively. In active AID, the incidence of any grade of
irAEs and G3/G4 irAEs was 73.3% and 13.3%, respectively.
The ORR of patients with preexisting inactive and active AID
was 38.1% (95% CI, 24.4–56.6) and 50% (95% CI, 23.0–76.9), and
the median PFS was 14.4 months (95% CI, 5.3–17.1) and
6.8 months (95% CI, 5.1–9.4), and the median OS was
15.7 months (95% CI, 10.3–24.3) and 9.8 months (95% CI,
5.8–24.6), respectively. Compared with inactive AID, patients
with active AID have relatively higher irAEs and higher ORR but
lower PFS and OS, which may be related to the increased
morbidity and mortality of AID itself. Menzies et al. (2017)
reported that symptomatic patients (9/15, 60%) had more
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frequent disease flares and exacerbations than clinically inactive
AID patients (11/37, 30%) (p = 0.039). Leonardi et al. (2018)
retrospectively analyzed 56 AID patients with advanced NSCLC
and found that the exacerbations of the original AID in
symptomatic patients (n = 5, 50%) were significantly higher
than those in asymptomatic AID patients (n = 8, 18%; p =
0.04). This indicates that the risk of irAEs for active AID is
relatively higher. For safety reasons, it may be necessary to
correctly treat and control severe active AID before
immunotherapy starts. We are still unable to determine the
best strategy for providing PD-1/PD-L1 inhibitors in patients
with active or symptomatic AD, which presents a huge unmet
medical need for the medical oncology community. Currently,
there are no consensus guidelines for treatment for this particular
patient population, nor is there a way to determine the risk-
benefit ratio for individual patients. We strongly recommend that
patients be aware of possible complications and corresponding
comorbidities associated with treatment. Treatment can only be
carried out after patient education and doctor–patient
communication. Static AID patients can be regarded as non-
AID patients (Danlos et al., 2018), but we still need a
multidisciplinary team to closely monitor these patients to
identify some predictable adverse events and provide
consultation to patients.

Relationship Between IrAE and Treatment
Efficacy
More and more literatures (Grangeon et al., 2019; Hussaini et al.,
2021) indicate that there is a potential correlation between the onset
of irAE and the efficacy of PD-1/PD-L1 inhibitors. Among patients
with NSCLC, Hussaini et al. (2021) summarized 19 retrospective
studies and found that ORR (irAE+ irAE−) was 41.49% (95% CI,
36.5–46.5) and 18.01% (95% CI, 13.5–22.6), the weighted average
PFS was 8.97months (95%CI, 7.14–10.8) and 3.06 months (95%CI,
2.4–3.72), OS (irAE+ irAE−) was 19.07 months (95% CI, 14.3–23.8)
and 7.45months (95% CI, 5.34–9.56), respectively. In another
observational study (Grangeon et al., 2019) of 270 patients who
had received PD-1/PD-L1 inhibitors, 44% of patients experienced
any grade of irAEs. Compared with patients who did not experience
irAEs, patients who experienced irAEs had a higher PFS (5.2 vs.
1.97months, p < 0.001), ORR (22.9% vs. 5.7%, p < 0.0001), and
disease control rate (DCR) (76% vs. 58%, p < 0.001). In patients with
metastatic melanoma, multiple studies (Sanlorenzo et al., 2015; Hua
et al., 2016) have shown that leukoplakia, a clinically visible irAE,
may be related to the clinical benefit of PD-1/PD-L1 inhibitors. For
example, in a prospective study (Hua et al., 2016) of melanoma
patients receiving pembrolizumab, the remission rate of patients
with vitiligo was 71%, while the remission rate of patients without
vitiligo was 28%. In another retrospective analysis (Weber et al.,
2017) of 576 patients with advanced melanoma treated with
nivolumab monotherapy, the ORR of patients who experienced
irAEs of any grade was significantly better than that of patients who
did not experience them (48.6% vs. 17.8%, p< 0.001). A retrospective
analysis (Verzoni et al., 2019) of 389 patients receiving nivolumab for
advanced or metastatic RCC showed that patients with irAEs had a
more significant survival benefit than patients without irAEs

(median OS, not reach and 16.8 months, p = 0.002; 1-year OS,
75.4% and 59.8%; 2-year OS, 66.9% and 36.8%).

In summary, it is not difficult to find that in patients receiving
PD-1/PD-L1 inhibitors, the occurrence of irAEs is positively
correlated with the efficacy. Of course, one of the possible
deviations is the duration of treatment. Its increase will lead to
prolonged drug exposure, which leads to a higher probability of
adverse events and better treatment results. In order to minimize
the deviation of drug treatment time, Verzoni et al. (2019)
conducted a landmark analysis of OS at the median time
(6 weeks) of the appearance of irAEs and found that irAEs
were still statistically significantly associated with improvement
in OS (p = 0.006). In another study (Schadendorf et al., 2017), the
authors evaluated the efficacy during the induction phase
between patients who discontinued due to irAEs (n = 96) and
patients who did not discontinue with irAEs (n = 233) (median
duration of treatment was 1.4 and 9.4 months, respectively). The
ORR of patients who discontinued the drug due to irAEs was
58.3%, the median PFS was 8.4 months, and the OS rate at
18 months was 67%, while the ORR of patients who did not
discontinue the drug was 50.2%, and the median PFS was
10.8 months, and the OS rate at 18 months was 62%. The PFS,
OS, and ORR between the two groups seem to be similar,
indicating that the duration of the drug treatment is not the
cause of the relationship between irAEs and drug efficacy.

Interestingly, different literatures have different results regarding
the relationship between the severity of irAEs and the efficacy. IrAE
is thought to be mainly mediated by T cells. Antigen-sharing or
cross-reactivity leads to T cell-mediated responses not only against
tumor cells but also against healthy cells. In terms of mechanism, it
seems that the more severe the irAEs, the higher the activity of
T cells, and therefore the better the efficacy of the drug. In a
retrospective study (Fujii et al., 2018), 98 of 290 patients (34%)
experienced any grade of irAEs, and 15 (5.2%) experienced grade 3
or higher irAEs. Compared with patients with irAEs below grade 3,
patients with grade 3 irAEs had high ORR (25% vs. 6%; p = 0.039)
and long median progression time (30 vs. 10 weeks; p = 0.0040).
However, throughmultivariate analysis, Judd et al. (2017) found that
low-grade irAEs have a higher ORR (p = 0.017), which may be
related to the lower incidence of high-grade irAEs and the inability to
detect its association through a small sample. In a retrospective
analysis of 576 patients with advanced melanoma, Weber et al.
(2017) found that patients with ≥grade 3 irAEs had no significant
difference in ORR compared with other patients. The different
conclusions may be related to the high-grade irAEs may lead to
death, which confuses the difference in survival. In addition, severe
toxicity is usually associated with more aggressive
immunosuppression, which may also affect the efficacy (Das and
Johnson, 2019). Future studies with larger sample sizes are needed to
investigate the relationship between irAE severity and efficacy.

Efficacy and Safety of Baseline
Immunosuppressive Therapy
Since the age of immunotherapy, corticosteroid therapy has been
considered an antidote to irAE (Rossi et al., 2019). For patients
with active autoimmune diseases, corticosteroid drugs also seem

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8549679

Zhang et al. PD-1/PD-L1 Inhibitors and Autoimmune Diseases

201

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


to be necessary. Mechanistically, the use of PD-1/PD-L1
inhibitors, combined with baseline immunosuppressive drugs,
appears to improve AID symptoms and irAEs, but on the other
hand, whether it will reduce the efficacy of patients is still
discussed. Menzies et al. (2017) found that the response rate
of immunosuppressive drugs (3/20, 15%) at the beginning of
treatment was lower than that of unused immunosuppressive
drugs (14/32, 44%) (p = 0.033). After adjusting for prognostic
factors (AJCC stage, brain metastases, ECOG PS, and LDH), it
was still significant (p = 0.029). However, there were more AID
flares after baseline immunosuppressive therapy at using PD-1
inhibitors (10/20, 50%) than without immunosuppressive
therapy (10/32, 31%). Xie et al. (2020) indicated that the ORR
of patients receiving immunosuppressive therapy is lower than
that of patients not receiving immunosuppressive therapy, but
this is not statistically significant (RR, 0.58; 95% CI, 0.26–1.33). In
a national multicenter cohort study (Tison et al., 2019), Tison
found that patients who received immunosuppressive therapy at
the beginning of immunotherapy had a shorter median PFS (3.8
vs. 12 months; p = 0.006), but there was no significant difference
in OS. Similarly, Fountzilas et al. (2022) observed an association
between corticosteroid-treated AID patients at initiation of
immune checkpoint inhibitors and shorter PFS (HR = 2.08,
95% CI, 1.18–3.68, Wald’s p = 0.012). However, he found that
the initiation of immunotherapy with immunomodulators
(excluding corticosteroids) was not associated with PFS (p =
0.22). However, in the smaller case series reported by Leonardi
et al. (2018), Gutzmer et al. (2017), no negative effects on tumor
response were found. In a case review (Lipson et al., 2016), PD-1
inhibitors were administered to solid organ transplant recipients
with metastatic squamous cell carcinoma of the skin (standard
long-term immunosuppressive therapy). The patient has a strong
antitumor response and rejection of allogeneic transplantation,
indicating that PD-1 inhibitors can be very effective against
cancer in the context of chronic immunosuppression. A
recently published retrospective study by Ricciuti et al. (2019)
showed that the worse ORR, PFS, and OS observed in patients
receiving ≥10 mg prednisone appeared to be related to the
indications for corticosteroid use. When corticosteroids are
used in cancer-related palliative care, the prognosis is worse.
However, when corticosteroids are used in the treatment of
indications unrelated to cancer, such as autoimmune diseases,
compared with patients receiving 0–10 mg prednisone, there
were no significant differences in mPFS or mOS among
patients receiving ≥10 mg prednisone for cancer-unrelated
indications. In summary, the existing research may mainly
support that it is not necessary to stop immunosuppressants
such as corticosteroids before initiation of immunotherapy in
AID patients with cancer because immunosuppressants can
inhibit AID and irAEs and may have little effect on immune
efficacy. In view of the small sample size of existing studies and
the heterogeneity between patients, more prospective studies are
needed in the future to clarify conflicting data regarding the use of
PD-1/PD-L1 inhibitors in patients with preexisting AID. We
hoped to have more data to study the efficacy of PD-1/PD-L1
inhibitors in patients with active AID not on therapy, AID
controlled on therapy, and AID off therapy at time of

initiation of immunotherapy (Dietz et al., 2021). We raised the
issue that corticosteroids differ in efficacy from other
immunomodulators, and that immunotherapy in patients
treated with corticosteroids needs to be treated with caution.

Efficacy and Safety of Gender
Men and women have different immune responses to foreign and
self-antigens and show differences in innate and adaptive
immune responses (Klein and Flanagan, 2016). These gender-
based immunological differences lead to changes in the incidence
of autoimmune diseases, the response rate of immunotherapy,
and relevant adverse events. Most autoimmune diseases are more
common in women (Ngo et al., 2014). However, whether gender
affects the efficacy and safety of immunotherapy remains
controversial. Cortellini et al. (2019) found that in cancer
patients with AID, women had a significant increase in irAEs
after immunotherapy. Compared with men, the risk of irAEs was
1.4 times high. They speculated that the higher incidence of irAEs
in women may be related to longer OS. However, in a recent
meta-analysis of 1096 female patients and 1886 male patients,
Jing et al. (2021) found that there was no statistically significant
difference in irAEs between the sexes (OR = 1.19, 95% CI,
0.91–1.54, p = 0.21). When (Shah et al., 2020) performed
univariate or multivariate analysis of 455 melanoma patients
receiving PD-1/PD-L1 inhibitors, they found that gender was
not related to the incidence of any irAEs, severe irAEs, or
hospitalization. In terms of efficacy, Conforti et al. (2018)
reported that immune checkpoint inhibitors can significantly
improve the OS of patients, but compared with women, these
drugs have a great therapeutic effect on men. For example, the
reduction in the risk of death is twice as large inmen as in women.
They believe that the reason for the difference may be that women
have stronger immunity than men (Klein and Flanagan, 2016).
This means that female-developed tumors must escape more
effective immune surveillance mechanisms, which can make
advanced female tumors less immunogenicity and stronger
ability to escape immunity than similar tumors in men, so
they may be more resistant to immunotherapy. In contrast,
Wallis et al. (2019) conducted a systematic review of 18
randomized clinical trials of PD-1 inhibitors for advanced
solid cancers, including 7,198 men and 3,495 women. They
found no statistically significant differences between genders
(I2 = 44%; p = 0.94). Botticelli (Botticelli et al., 2017) also
reported that for OS (male and female, HR, 0.72; 95% CI,
0.64–0.83 and HR, 0.81; 95% CI, 0.70–0.94, p = 0.285) and
PFS (male and female, HR, 0.66; 95% CI, 0.52–0.82 and HR,
0.85; 95% CI, 0.66–1.09, p = 0.158), although the HR of men is
lower than that of women, it is not statistically significant. Ye et al.
(2020) believed that the aforementionedmeta-analyses are simply
a collection of different clinical trials, whichmay not provide clear
results. They found that male patients with colorectal cancer (p =
0.041) or glioblastoma multiforme (p = 0.011) showed better OS
with PD-1/PD-L1 inhibitors treatment. Female patients with
esophageal gastric cancer or NSCLC tend to have better OS. It
was further observed that compared with male patients with
NSCLC (6/24, 25%), female patients (16/32, 50%) had a high
response rate, indicating that the immune characteristics of
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different cancer types are closely related to gender (such as male
bias in melanoma and female bias in lung squamous cell
carcinoma). In summary, how gender affects cancer
immunotherapy is still a key gap for us because it is related to
precision medicine (Zhu and Boutros, 2021). Current
retrospective studies related to gender are mixed with a large
number of confounding factors, such as cancer types, race, and
age. Instead of focusing only on the two variables of gender and
efficacy, future research should control for variables such as
cancer types, race, and age. How gender affects the cancer
genome and molecular data related to immunotherapy should
be something we need to pay attention to in the future.

Prevention and Management of IrAEs in AID
Patients
The current consensus is that the best management of irAEs
mainly depends on early identification to reduce the possibility of
discontinuation of treatment, ensure the quality of life, and avoid
or minimize the risk of rare fatal results (Martins et al., 2019).
However, there is still a lack of biomarkers that can individually
assess the risk of irAEs. In terms of internal factors, Hoefsmit et al.
(2019) believed that the similarity of irAEs and autoimmune
diseases supports the hypothesis that irAEs may be related to the
susceptibility gene loci of various autoimmune diseases. It is also
written previously that the use of PD-1/PD-L1 inhibitors in AID
patients has an increased risk of irAEs, especially in patients with
previous rheumatism and psoriasis as well as active AID diseases.
Gender seems to also affect the onset of irAEs. In terms of
external factors, the combination of PD-1/PD-L1 inhibitors
and CTLA-4 inhibitors has a higher overall incidence of irAEs
than monotherapy (Larkin et al., 2015). In addition, a literature
(Kang et al., 2021) suggests that changes in cytokine
concentration before and during immunotherapy may help
early to predict the risk of irAEs in cancer patients. Nishino
et al. (2016) found that the incidence of PD-1 inhibitors-related
pneumonia in patients with NSCLC, RCC, and during combined
treatment was higher, which was significantly higher than that of
melanoma. This suggests that there seems to be a certain
connection between the types of cancer and irAEs. The risk of
specific irAE is increased. Meantime, clinicians began to pay
attention to the relationship between the early increase of
autoantibodies and irAE. Yoon et al. (2021) found that
baseline anti-TPO antibody positivity and new development of
anti-Tg antibody positivity during the therapy were significantly
associated with the progression to hypothyroidism. In a cohort
study (Toi et al., 2019) of 137 patients with advanced NSCLC
treated with nivolumab or pembrolizumab, patients with classic
autoreactive antibodies (such as ANA, rheumatoid factor, and
antithyroid antibodies) had a higher incidence of irAEs (OR, 3.25,
95% CI, 1.59–6.65, p = 0.001), but they had higher PFS
(6.5 months, 95% CI, 4.4–12.9 vs. 3.5 months, 95% CI,
2.4–4.1). Gowen et al. (2018) analyzed autoantibodies in
patients with metastatic melanoma using high-throughput
protein arrays, and their data showed that measuring patients’
serum autoantibodies could predict the development and severity
of irAEs. The likely mechanism is that PD-1/PD-L1 blockade or

deletion of PD-1 can lead to an augmented B cell proliferative and
antibody response to T cell-independent antigens as well as
enhanced IgG isotype switching and longevity (Boland et al.,
2020). These studies suggest a mechanism by which PD-1
blockade could lead to autoantibody expansion and
subsequent irAE development. The assessment of relevant risk
factors will help to identify patients that clinicians need to be
highly vigilant or even unsuitable for immunotherapy, and help
clinicians determine the risk-benefit ratio of individual patients to
maximize the benefits of treatment while minimizing severe
toxicity. It is worth mentioning that although AID patients are
at high risk for irAEs, they are not contraindications to PD-1/PD-
L1 inhibitors. The use of immunotherapy with caution may be
acceptable, but the recurrence of underlying autoimmune
diseases should be closely monitored at the same time
(Brahmer et al., 2018).

The American Society of Clinical Oncology (ASCO) (Brahmer
et al., 2018), the Society for Immunotherapy of Cancer (SITC)
(Puzanov et al., 2017), the National Comprehensive Cancer
Network (NCCN) (Thompson et al., 2020), and the European
Society for Medical Oncology (ESMO) (Haanen et al., 2017) have
issued management recommendations for irAE. These
recommendations may be applicable to patients with
preexisting autoimmunity disease (Tison et al., 2019). The
recommended treatment usually includes topical or systemic
steroids as first-line treatment. In certain cases, other drugs
such as infliximab, mycophenolate mofetil, or
cyclophosphamide may be recommended (Ramos-Casals et al.,
2020). For example, (Brahmer et al., 2018), for grade 1 irAE,
ASCO recommends continuing immunotherapy and monitoring
closely. For grade 2 irAE, ASCO recommends temporarily
stopping treatment, using moderate systemic steroids
(0.5–1 mg/kg/d prednisone), and restarting immunotherapy
when the toxicity drops to grade 1 or the symptoms
disappear. For grade 3 irAE, ASCO recommends using high-
dose steroids (1–2 mg/kg/d prednisone), gradually reducing the
dose within 4–6 weeks, and adding immunosuppressive agents in
some refractory cases. For grade 4 irAE, ASCO recommends
permanent discontinuation of PD-1/PD-L1 inhibitors. With
proper management, most irAEs will be resolved (Friedman
et al., 2016). For AID patients, it has been discussed
previously that although their risk of irAEs is increased, their
toxicity is usually controllable. In the study of Danlos (Danlos
et al., 2018), 20 subjects with preexisting autoimmune diseases
developed irAEs, and only 25% needed to stop treatment. In
another study (Gutzmer et al., 2017), adverse events were
successfully controlled by immunosuppression and symptom
management, and none of the patients required
discontinuation of PD-1/PD-L1 inhibitors. The efficacy of PD-
1/PD-L1 inhibitors with baseline corticosteroids remains
controversial. In AID patients, long-term use of corticosteroids
is likely to cause some drug-related adverse events (Puzanov et al.,
2017), such as opportunistic infections, sleep disorders, gastritis,
and even diabetes and osteoporosis. For active AID, proper
control and treatment are required before immunotherapy
starts. In this regard, Haanen et al. (2020b) proposed a two-
step strategy. First, in order to reduce the risk of impairing the
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efficacy before the start of immunotherapy, non-selective
immunosuppressants (corticosteroids, mycophenolate mofetil,
cyclophosphamide, and MTX) can be replaced by specific
selective immunosuppressive drugs [RTX (anti-CD20), VDZ
(anti-α4β7 integrin), and TCZ (anti-IL-6), anti-IL-12/23].
After 2–4 weeks, the combination of PD-1/PD-L1 inhibitors
and selective immunosuppressants can prevent the
deterioration of AID. Several documents seem to support the
feasibility of this strategy. Dimitriou et al. (2021) believed that
anti-IL6 therapy is effective in treating irAEs or preventing the
flare of autoimmune diseases. Among 22 patients (20 patients
received irAE treatment and 2 patients received the prophylactic
treatment), 21 patients achieved clinical improvement and were
well tolerated, and 11 (50%) patients experienced self-limiting
and transient toxicity. Frohne et al. (2019) introduced a case of
melanoma with IBD. The patient was treated with vedolizumab
(anti-α4β7), and his IBD continued to remission. At the same
time, pembrolizumab was used to successfully treat metastatic
melanoma. With appropriately targeted immunotherapy,
patients with preexisting autoimmune diseases can continue to
receive immunosuppressive therapy and also receive immune
checkpoint inhibitors therapy. Another case report (Uemura
et al., 2016) also showed that PD-1/PD-L1 inhibitors
combined with selective immunosuppressive drugs can bring
clinical benefits. It may delay the deterioration of
autoimmunity in patients with advanced melanoma and
Crohn’s disease, while the antitumor effect is not affected. UC
(ulcerative colitis) patients with breast cancer can also be well
controlled by anti-TNF therapy without tumor progression (Ben
Musa et al., 2014). According to the literature (Yasunaga, 2020),
IL-7R signaling plays an important role in the development and
progression of lymphoid malignancies and autoimmune diseases,
and the abnormal homing activity and steroid resistance caused
by IL-7R signaling may worsen the prognosis. Therefore, anti-IL-
7R-targeted antibody therapy may be beneficial in the treatment
of these two diseases. These indicate that in patients with
preexisting active AID, it seems that selective
immunosuppressive agents can also be used with caution, but
this conclusion still needs more prospective studies to verify. In
addition, the combination of tumor-targeted delivery with the
continuous expression and release of checkpoint molecules allows
these inhibitors to be targeted to desired cells, thus improving
efficacy and avoiding toxicity and off-target effects. Research
interest in nanomedicine is shifting rapidly toward the
adaptation of delivery platforms for improving the percentage
of patients who derive clinical benefit from PD-1/PD-L1
inhibitors (Martin et al., 2020). Nanomedicine can reduce, but
not eliminate, the risk of certain life-threatening toxicities. In a
Phase III trial (NCT02425891), atezolizumab combined with
nab-paclitaxel extended progression-free survival in patients
with metastatic triple-negative breast cancer (Schmid et al.,
2018), suggesting that nab-paclitaxel can enhance the
anticancer activity of atezolizumab. The use of lipid-based
nanodrugs to deliver vaccines to promote antitumor immunity
is the focus of preclinical and clinical research (for example,
NCT02410733). In addition to nanomaterials, different tumor-
targeted delivery vehicles are under development, which include,

but are not limited to, viral vectors, platelets or hematopoietic
stem cells, DNA-encoded monoclonal antibodies, bacteria,
injectable hydrogels, and matrix-binding checkpoint inhibitor
conjugates (Lamichhane et al., 2019). We can use nanodrug
delivery platforms with specific targeting properties for each
component of the tumor microenvironment. The tumor
microenvironment of targeted nanomedicine can reshape the
immunosuppressive tumor microenvironment into a state of
immune stimulation and enhance the immune response at the
tumor site and improve the anticancer effect through immune
checkpoint blocking combination therapy (Kim et al., 2021).
Yasunaga (2020) had a vision for the future. He believed that
next-generation antibody therapies, such as antibody–drug
conjugates and bispecific antibodies (bsAbs), would have a
promising application prospect in cancer patients with
preexisting AID.

In addition, in the context of the increased probability of irAEs
in AID patients, it is inevitable that many patients will stop using
immunologic drugs due to serious adverse events during PD-1/
PD-L1 inhibitors treatment. When the relevant irAEs are
relieved, whether to continue to use PD-1/PD-L1 inhibitors
and how to balance the clinical benefits and related toxicity of
each patient become more and more challenging (Haanen et al.,
2020a). In a retrospective analysis (Santini et al., 2018), among
482 NSCLC patients who received PD-L1 inhibitors, 68 (14%)
had serious irAEs that required interruption of treatment. Among
them, 38 (56%) patients were retreated, and 30 (44%) patients
stopped treatment. In the retreatment cohort, 18 (48%) patients
had no follow-up irAEs, 10 (26%) patients had initial irAEs
recurrence, and 10 (26%) patients had de novo irAEs. Most
recurrences/de novo irAEs were mild (58% were grade 1–2)
and controllable (84% resolved or reduced to grade 1). In
patients with no improvement in symptoms before the
occurrence of irAEs, PFS and OS in the retreatment cohort
were longer. In contrast, for those patients who had an
objective response before irAEs, PFS, and OS in the
retreatment and discontinuation cohorts were similar.
Similarly, another retrospective analysis (Schadendorf et al.,
2017) showed that many patients continued to benefit from
previous immunotherapy even after the drugs were
discontinued due to irAEs. ASCO believes that for patients
who have not responded yet or have insufficient response, it is
reasonable to consider resuming treatment after the toxicity is
resolved. However, if the patient has achieved an objective
response when the irAEs appear, the response is likely to be
long-lasting, and it is not recommended to resume treatment
because it comes with a risk of recurrence of toxicity.

CONCLUSION

Although there is a lack of prospective studies on the efficacy and
safety of PD-1/PD-L1 inhibitors in cancer patients with preexisting
AID, most retrospective analyses show that the efficacy of PD-1/
PD-L1 inhibitors in AID patients is similar to that in the general
population, and most of the irAEs were mild and controllable. The
clinical manifestations of irAEs in AID patients are complex and
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diverse, which requires clinical oncologists to increase their
awareness of such patients, encourage multidisciplinary
cooperation and interaction, and monitor patients individually
according to the types of AID, the state of AID, cancer types,
treatment drugs, and even gender. In addition, we also need to pay
attention to basic research work to figure out the mechanism of
irAEs and its relationship with autoimmune diseases. Only by
understanding these, can many problems be solved, such as the
biomarkers that are helpful for identifying irAEs and targeted
therapy drugs in AID patients. The ultimate goal is tomaximize the
benefits of antitumor response for cancer patients with preexisting
AID while minimizing the risk of irAEs.
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LC–MS/MS Method for Measurement
of Thiopurine Nucleotides (TN) in
Erythrocytes and Association of TN
Concentrations With TPMT Enzyme
Activity
Amol O. Bajaj 1*, Mark M. Kushnir 1,2, Erik Kish-Trier 1, Rachel N. Law1, Lauren M. Zuromski1,
Alejandro R. Molinelli 3, Gwendolyn A. McMillin1,2 and Kamisha L. Johnson-Davis1,2*

1ARUP Institute for Clinical and Experimental Pathology, Salt Lake City, UT, United States, 2University of Utah Health Sciences
Center, Department of Pathology, Salt Lake City, UT, United States, 3Department of Pharmaceutical Sciences, St. Jude
Children’s Research Hospital, Memphis, TN, United States

Monitoring concentrations of thiopurine metabolites is used clinically to prevent adverse
effects in patients on thiopurine drug therapy. We developed a LC–MS/MS method for the
quantification of 6-thioguanine (6-TG) and 6-methylmercaptopurine (6-MMP) in red blood
cells (RBCs). This method utilizes an automated cell washer for RBC separation fromwhole
blood samples and washing of the separated RBCs. The lower limit of quantification of the
method was 0.2 μmol/L for 6-TG (~50 pmol/8 × 108 RBC) and 4 μmol/L for 6-MMP
(~1,000 pmol/8 × 108 RBC). The total imprecision of the assay was <3.0%. The upper limit
of linearity for 6-TG and 6-MMP was 7.5 μmol/L and 150 μmol/L, respectively. The stability
of the thiopurine metabolites under pre- and post-analytically relevant conditions was also
evaluated. A good agreement was observed between this method and validated LC–MS/
MSmethods from three laboratories, except for ~40% low bias for 6-MMP observed in one
of the methods. The assessment of the association between 6-TG and 6-MMP
concentrations with thiopurine S-methyltransferase (TPMT) phenotype and genotype
demonstrated a statistically significant difference in the thiopurine metabolite
concentrations between the TPMT groups with normal and intermediate activity of 6-
MMP (p < 0.0001), while the difference in 6-TG concentrations was statistically not
significant (p = 0.096). Among the samples with normal TPMT activity, higher
concentrations of 6-MMP (p = 0.015) were observed in pediatric samples than in the
samples of adults. No statistically significant differences were observed in the distributions
of 6-TG and 6-MMP concentrations among the evaluated genotypes.

Keywords: 6-thioguanine, 6-methylmercaptopurine, mass spectromerty, thiopurine methyl transferase, clinical
evaluation
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INTRODUCTION

The thiopurine drugs azathioprine (AZA) and 6-mercaptopurine
(6-MP) are anticancer and immunosuppressive drugs, which are
used to treat patients with acute lymphoblastic leukemia and
several autoimmune diseases, including the inflammatory bowel
disease (Karran and Attard, 2008; Sandborn, 2009). AZA is a
prodrug that is converted to 6-MP, which may then enter several
pathways. Hypoxanthine guanine phosphoribosyl transferase
(HPRT) and several other purine salvage pathway enzymes
participate in the conversion of 6-MP into the active cytotoxic
metabolites, 6-thioguanine nucleotides (6-TGN)
(Supplementary Figure S1). Two pharmacologically inactive
metabolites, 6-thiouric acid and 6-methylmercaptopurine (6-
MMP), are produced through the action of the enzymes
thiopurine S-methyltransferase (TPMT) and xanthine oxidase
(XO), respectively (Swann et al., 1996; Gearry and Barclay, 2005).
6-MMP and related 6-methylmercaptopurine nucleotides (6-
MMPN) are potentially hepatotoxic. In patients with very low
TPMT activity, there is an increased risk of developing
myelosuppression, caused by the increased levels of cytotoxic
6-TGNs (Evans et al., 2001; Schwab et al., 2002). Enzyme
NUDT15 is involved in the dephosphorylation of 6-TGNs to
inactive metabolites; individuals with reduced or absent NUDT15
activity may experience myelosuppression (Moriyama et al.,
2016). Due to concerns regarding the efficacy and risk of
toxicity, genotypes of TPMT and NUDT15 (Relling et al.,
2019), and/or enzymatic functionality of TPMT, are often
considered prior to initiating therapy (Kaskas et al., 2003;
Relling et al., 2011). Variation in therapeutic efficacy and
toxicity of thiopurine drugs is largely affected by the activity
of TPMT (Lennard, 2014) and NUDT15. Yang et al. reported that
of all reported cases of thiopurine drug toxicity in children with
acute lymphoblastic leukemia (ALL), ~20% can be explained by
the TPMT activity and ~22% by NUDT15 (Yang et al., 2015),
while toxicity varies among ethnicities (e.g., NUDT15
polymorphism occurring more often in individuals of Asian
descent).

Monitoring concentrations of the thiopurine nucleotides 6-
TGN and 6-MMPN in patient samples is useful in optimizing the
dose of thiopurine drugs and, therefore, balances the efficacy of
thiopurine drug therapy while minimizing adverse effects.
Complicating factors for therapeutic monitoring of patients on
thiopurine drug therapy include a narrow therapeutic range for 6-
TGN and a large interpatient variability in thiopurine drug
metabolism (Gearry and Barclay, 2005). Thiopurine drugs and
thiopurine nucleotides are metabolized and act intracellularly;
therefore, an appropriate sample type for the measurement of
thiopurine nucleotide concentrations is washed red blood cells
(RBCs). RBC concentrations of thiopurine nucleotides serve as a
surrogate marker of thiopurine nucleotide intracellular
concentrations in nucleated cells (Balis et al., 1998; Dervieux
and Boulieu, 1998; Vikingsson et al., 2013). Elevated 6-TGN
concentrations may cause leukopenia and myelotoxicity, while
elevated 6-MMPNmay be hepatotoxic. Because of this, treatment
with thiopurine drugs requires routine monitoring (Cuffari et al.,
2004; Nygaard et al., 2004; Dervieux et al., 2005).

Methods for the measurement of thiopurine nucleotides in
RBCs involve hydrolysis to release the purine bases (6-TG and 6-
MMP) and analysis using liquid chromatography-tandem mass
spectrometry (LC–MS/MS) (Shipkova et al., 2003; Dervieux et al.,
2005; Neurath et al., 2005; Cangemi et al., 2012). The poor storage
stability of thiopurine nucleotides in whole blood (WB) samples
has been reported (de Graaf et al., 2008; Yoo et al., 2018),
emphasizing the importance of pre-analytical aspects and
conditions used during the sample preparation.

The goals of this study were to develop, validate, and evaluate
performance of a mass spectrometry method for quantification of
6-TG and 6-MMP in RBCs. The stability of thiopurine
nucleotides under various conditions was evaluated to
determine the appropriate pre- and post-analytical conditions
and limitations. Using historic data on the analysis of routine
patient samples, we assessed the association among
concentrations of thiopurine nucleotides, TPMT phenotypes,
and genotypes.

MATERIALS AND METHODS

Chemicals and Materials
The standards of 6-TG and 6-MMP, 2-amino-6-mercaptopurine-
9-D-riboside hydrate (6-TGRib), 6-methylmercaptopurine
riboside (6-MMPRib) and stable isotope-labeled analogs, 6-
TG-13C2

15N and 6-MMP-d3, were purchased from Toronto
Research Chemicals, Ontario, Canada. The stock standards
were prepared in dimethyl sulfoxide (DMSO) at 10 mg/ml
(1 mg/ml) for the unlabeled (stable isotope-labeled) analogs.
Perchloric acid (70%), dithiothreitol (DTT), and ammonium
acetate were purchased from Millipore-Sigma (St. Louis, MO,
United States). LC–MS grade methanol (MeOH), acetonitrile,
and formic acid (FA) were purchased from Thermo Fisher
Scientific (Fair Lawn, NJ, United States). Working solutions
were prepared by diluting the stock solutions in an aqueous
solution of 0.02 M sodium hydroxide, 7.5 mM DTT, and 20%
MeOH. Working calibration standards were prepared at
concentrations of 20, 50, 100, 250, 500, and 750 pmol/μL for
6-TG; and 400, 1,000, 2000, 5,000, 10,000, and 15,000 pmol/μL
for 6-MMP. Quality control (QC) samples were prepared at 75,
150, and 300 pmol/μL for 6-TGRib; 1,500, 3,000, and 6,000 pmol/
μL for 6-MMPRib. The working standards and the QC were
prepared in pooled thiopurine nucleotide-negative RBC pools. All
analyzed batches of samples contained a set of six calibration
standards and three QC samples.

Sample Preparation
Tubes with EDTA-anticoagulated WB patient samples were
rocked using a rocking mixer for 15 min at room temperature
(RT). One milliliter aliquots of WB samples were transferred into
disposable glass tubes; RBC separation and washing were
performed using the automated cell washer method as follows
(Bajaj et al., 2021): Tubes with WB samples were placed in the
rotor of a UltraCW®II instrument (Helmer Scientific, Noblesville,
IN, United States) and centrifuged at 1,440 relative centrifugal
force (RCF) for 4 min; during this step, RBCs were separated
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from plasma by centrifugal packing, followed by decantation of
the plasma supernatant. The decanting step was followed by
resuspension, achieved by the addition of saline into the tubes and
agitation of the tubes to disperse and distribute the RBCs in the
saline. Resuspension was followed by the two cycles of addition of
saline, agitation, pelleting RBC, and decanting the supernatant. At
the end of the last wash cycle, the tubes contained washed RBCs
in a small volume of saline. The packed RBCs were diluted with
400 µL of saline, and RBCs were counted using a hematological
cell counter (Ac.T Diff, Beckman Coulter, Pasadena, CA,
United States). The isolated RBCs were transferred into
microcentrifuge tubes.

One hundred microliter aliquots of the washed/diluted RBCs
were transferred into 1.5 ml microcentrifuge tubes (Eppendorf,
Enfield, CT, United States), 20 μL of internal standard was added,
and the samples were vortexed and held at RT for 15 min. Then,
150 μL of 4 mM DTT and 40 μL of 70% perchloric acid were
added to the samples. The tubes were vortexed for 1 min at
1,000 rpm and then centrifuged at 16,000 RCF for 5 min at RT;
100 μL of the supernatant was transferred into glass vials; the vials
were capped and incubated at 100°C for 2 h (for hydrolysis) with
mixing at 500 rpm using a thermomixer (Eppendorf). During the
hydrolysis, 6-MMP is chemically converted to 6-MMP-imidazole
(6-MMP*) {Oliveira et al., 2004 #1465; Dervieux and Boulieu,
1998 #1469}. After cooling to RT, 140 μL of 1M ammonium
acetate was added to the tubes to neutralize the acidic solution,
and then 15 μL of this solution was transferred into wells of a 96-
well polypropylene plate (Agilent Technologies, Santa Clara, CA,
United States), and diluted with 285 μL of 0.1% formic acid in
water for instrumental analysis.

LC–MS/MS Analysis
An Agilent 6470 triple quadrupole mass spectrometer (Agilent
Technologies) equipped with an electrospray (ESI) ion source
was coupled to an Agilent 1260 Infinity II series HPLC system
consisting of multisampler, binary pump, and column
thermostat. Nitrogen was used as the drying gas, nebulizer
gas, sheath gas, and collision gas; the acquisition was
performed in a positive ion mode. The ion source
parameters are listed in Supplementary Table S1; mass
transitions with their respective fragmentor voltages and
collision energies are listed in Supplementary Table S2.
Chromatographic separation was performed using a XSelect
Peptide HSS T3 LC column (2.5 µm, 100 Å, 2.1 × 100 mm;
Waters Corporation, Milford, MA, United States). Mobile
phase A was 0.1% formic acid in nanopure water (18.2
megohm ionic purity) and mobile phase B was 0.1% formic
acid in acetonitrile. The flow rate was 0.4 ml/min and the
column temperature was 40°C. After an initial hold at 2% B for
0.2 min, the following were performed: a gradient to 12.5% B at
3 min, column conditioning using 95% B between 3.1 and
5 min, and re-equilibration using 2% B between 5.1 and 7 min.
The injection volume was 10 μL, and the total run time per
sample was 7 min. The retention time of 6-TG was ~1.6 min
and that of 6-MMP was ~2.7 min. The ratio of the peak area of
the analyte to its corresponding IS was used for quantification
using the MassHunter Workstation (Agilent Technologies).

Calibration curves were fitted using linear regression with 1/
x-weighting for 6-TG and 1/x2-weighting for 6-MMP*. The
acceptability criterion for the ratio of mass transitions was set
to ±30% (Kushnir et al., 2005).

Method Validation
Method validation included the evaluation of precision,
sensitivity, linearity, accuracy, specificity, dilution integrity,
carryover, robustness, method comparison, and assessment of
matrix effect. Details of the experiments on the method
performance evaluated are included in the Supplementary
Data. The use of residual patient samples was approved by
IRB protocols (University of Utah, United States).

Stability
The stability of thiopurine nucleotides in ETDA WB was
evaluated using 15 neat patient sample pools (prepared
from WB samples of patients on thiopurine drug therapy;
5–10 individual WB samples per pool); the samples were
stored at 4°C for 5 h, and 4, 7, and 15 days; the observed
concentrations were compared to the concentrations of 6-
TG and 6-MMP in the aliquots of RBC separated from the
pools at time zero, which were stored at −70°C. The stability of
the thiopurine nucleotides in separated/washed RBC samples
(N = 12) stored at −70 C was evaluated by preparing and
analyzing the samples on 4 occasions over 5 months of storage
and comparing the observed concentration with thiopurine
nucleotide concentrations observed in the samples tested prior
to the storage. The stability of the final extract (N = 15) was
evaluated by the comparison of 6-TG and 6-MMP
concentrations in fresh extracts versus those in extracts
stored at −20°C for 2 weeks. For autosampler stability, a set
of extracts (N = 33) was stored in a 96-well plate in an
autosampler compartment at 4°C and analyzed for six
consecutive days. The freeze/thaw stability of 6-TG and 6-
MMP in separated/washed RBCs was evaluated in a set of
patient samples (N = 10).

Historical Data Analysis
Two archived datasets were retrieved retrospectively (IRB
protocols approved by the University of Utah Institutional
Review Board). Data in Set 1 included results from 611
specimens, submitted for routine testing for the TPMT activity
(phenotype) and thiopurine nucleotide quantification (both tests
ordered for same patient); and data in Set 2 included results from
64 specimens with determined TPMT genotype; thiopurine
nucleotides were also measured in these patients by referral
laboratory. WB samples submitted for thiopurine nucleotide
testing were shipped and stored refrigerated prior to testing
within 1–3 days of the collection. Both, phenotype and
genotype assays were validated for the clinical use in ARUP
Laboratories. Data in Set 1 consisted of 4 patient samples with low
TPMT activity, 93 patients with intermediate TPMT activity, and
514 patients with normal TPMT activity. Data in Set 2 consisted
of one patient with *3A/*3A, two patients with *3A/*1, three
patients with *3C/*1 variant alleles, and 58 patients with no
variant alleles.
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FIGURE 1 | Representative chromatograms of 6-TG and 6-MMP* in a patient sample containing 107 pmol/8*108 RBC of 6-TG and 6,400 pmol/8*108 RBC of
6-MMP.

FIGURE 2 |Comparison of the evaluatedmethod with LC–MS/MSmethods of Lab A, Lab B, and Lab C for 6-TG and 6-MMP. (A, D) 6-TG and 6-MMP comparison
with Lab A, (B, E) 6-TG and 6-MMP comparison with Lab B, and (C, F) 6-TG and 6-MMP comparison with Lab C. The figure shows only the patient samples where the
observed concentrations were within the analytical measurement range of the method.
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RESULTS

Sample Preparation, Chromatographic
Separation, and LC–MS/MS Analysis
Representative chromatograms of 6-TG and 6-MMP* along with
their corresponding IS are shown in Figure 1. The MRM
transitions and the optimized instrument settings are
summarized in Supplementary Table S2.

RBC separation from WB samples was performed using an
automated method (Bajaj et al., 2021): the details of the method
are summarized in Supplementary Figure S2. Data on the
quantitative measurement of three example biomarkers (6-
TGN, 6-MMPN, and Mg) with sample preparation performed
using the automated vs. manual method for RBC separation and
washing process demonstrate adequate performance of the
automated method (Supplementary Figures S3, S4).

While developing this method, we evaluated numerous
HPLC columns. Inadequate separation of the 6-TG peak
from the solvent front was observed on all evaluated
columns. The LC column used in the method provided the
best chromatographic retention (separation from the solvent
front) as compared to the other evaluated columns
(Supplementary Figure S5). We found that the initial
mobile phase composition had the greatest impact on the
retention time of 6-TG and 6-MMP*, the 6-MMP* peak
width, and the signal-to-noise ratio for the 6-TG peak,
while the end-of-gradient mobile phase composition had a
significant effect on the retention time of the 6-MMP* peak.

Assay Validation
Summary data for the evaluation of the method’s imprecision
are included in Supplementary Table S5; imprecision at all
evaluated concentrations for 6-TG and 6-MMP was ≤3%. The
limit of quantitation (LOQ) for 6-TG and 6-MMP was 20 and
400 pmol per 100 μL (0.2 and 4 μmol/L), respectively, of RBC
lysate; data on imprecision and accuracy at the LOQ are
summarized in Supplementary Table S6; the signal-to-
noise ratio at the LOQ for the transitions of both analytes
was ≥10. Data on method linearity are summarized in
Supplementary Figure S6. Linear regression equations and
coefficients of determination for correlation between the
expected and the observed concentrations were y = 1.01x +
3.28, R2 = 0.996 and y = 0.97x + 316, R2 = 0.998, for 6-TG and
6-MMP, respectively.

The method’s accuracy was evaluated by analysis of individual
thiopurine nucleotide-negative patient RBC lysates spiked at six
different concentrations with 6-TGRib and 6-MMPRib
conjugates. The samples were prepared and analyzed in
triplicate, and the expected and observed concentrations
agreed within 1 and 15%, for 6-TG and 6-MMP, respectively,
with imprecision among the replicates of <5% (Supplementary
Figure S7).

Potential for interference was evaluated in the WB samples of
individuals not on thiopurine drugs therapy (n = 110), and in
lysed RBC pools spiked with common drugs and drug metabolites
(Supplementary Table S7), there were no peaks in the mass
transitions within the acquisition time of the assay.

Dilution integrity was evaluated by the analysis of five
individual neat patient RBC lysate samples containing an
elevated concentration of 6-TGN and 6-MMPN using 5-fold
and 10-fold dilution, respectively, with a lysed thiopurine
nucleotide-negative RBC pool. After normalizing the observed
concentrations for the dilution factor, the agreement for both 6-
TG and 6-MMP was within 17% (Supplementary Table S8).

No carryover to the following sample was observed after
injection of samples containing 5,000 pmol/100 μL of 6-TG
and 100,000 pmol/100 μL of 6-MMP.

The method comparison was performed using residual de-
identified WB samples from patients receiving thiopurine drug
therapy. The evaluated method was compared to LC–MS/MS
methods of three commercial laboratories, which perform the test
routinely (WB samples were split and sent refrigerated to the
external laboratories). For comparison purposes, these
laboratories are referred to as Lab A, Lab B, and Lab C. The
developed method showed good agreement with Lab A and C, for
both 6-TG and 6-MMP, and with Lab B for 6-TG, while
concentrations of 6-MMP were underestimated using the
method of Lab B (Figure 2). The number of patient samples
tested, Deming regression equation slopes, intercepts, correlation
coefficients (R), and percent bias are summarized in Table 1.

Samples’ Stability
We assessed WB samples’ stability by evaluating the measured 6-
TG and 6-MMP concentrations in WB sample pools (n = 15)
stored refrigerated (4°C) for 5 h, and 4, 7, and 14 days. After 7
(14) days of storage at 4°C, the measured concentrations of 6-TG
(6-MMP) decreased by 0.5 (11)% and 3 (13)%, respectively
(Supplementary Figure S8).

We also evaluated the analyte stability in washed RBC lysates
stored at −70°C for up to 150 days. After 150 days of storage, the
observed 6-TG and 6-MMP concentrations decreased by <10%,
as compared to the Day 1 (Supplementary Figure S9).

In an experiment, on evaluation of 6-TGN and 6-MMPN
stability in individual prepared samples stored at −20°C (n = 15)
for 15 days, we observed <10% reduction in concentrations of 6-
TG and 6-MMP (Supplementary Figure S10). The evaluation of
6-TG and 6-MMP stability in the samples prepared for analysis,
stored at 4°C for up to 120 h, demonstrated no change in the
measured 6-TG and 6-MMP concentrations (Supplementary
Figure S11). The evaluation of the freeze-thaw stability (3
cycles) of 6-TGN and 6-MMPN in RBCs demonstrated ~8%
(~6%) reduction in the concentration of 6-TG (6-MMP)
(Supplementary Figure S12).

TPMT Phenotype/Activity and Thiopurine
Metabolite Concentrations
Retrospective data analysis was performed to assess the
correlation between the results of TPMT activity testing and
thiopurine metabolite concentrations for the first occurrence of
therapeutic drug monitoring. Of note, the dataset does not
include serial patient monitoring. The dataset contained results
corresponding to patient samples that were tested for both TPMT
phenotype and thiopurine nucleotides (during the thiopurine
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drug therapy, n = 611). Out of the entire dataset, 514 patients had
shown the TPMT enzyme activity within the therapeutic range
(24–44.0 U/mL), 93 had a reduced activity (17.0–23.9 U/mL) and
4 had a low TPMT activity (<17.0 U/mL). There were no patients
in the dataset who had a high TPMT activity (>44.0 U/mL).

Out of the 514 patients with normal TPMT activity, 90
patients (17.5%) had 6-TG concentrations within the
therapeutic range (235–450 pmol/8 × 108 RBCs), 396 patients
(77.0%) had subtherapeutic 6-TG concentrations (<235 pmol/8 ×
108 RBCs), and 28 patients (5.4%) had supratherapeutic 6-TG
concentrations (>450 pmol/8 × 108 RBCs). Among the patients
with intermediate TPMT activity, 23.7% had 6-TG
concentrations within the therapeutic range, 60.2% were
subtherapeutic, and 16.1% had 6-TG concentrations >450
pmol/8 × 108 RBCs. Among the four patients with low TPMT
activity, two had 6-TG concentrations within the therapeutic
range and two had subtherapeutic concentrations.

The distribution of 6-MMP concentrations demonstrated that
among 514 patients with normal TPMT activity, 4.1% had
concentrations >5,700 pmol/8 × 108 RBCs. Among 93 patients
with intermediate TPMT activity, 3.2% had 6-MMP
concentration >5,700 pmol/8 × 108 RBCs. All four patients
with low TPMT activity had 6-MMP concentrations <5,700
pmol/8 × 108 RBCs.

The median (interquartile range) for the distribution of 6-TG
and 6-MMP concentrations was 126 (50–238) pmol/8 × 108 RBCs
and 500 (500–1,160) pmol/8 × 108 RBCs, respectively. The
difference in the observed 6-TG concentrations between
TPMT groups with normal and intermediate activity was not

statistically significant (p = 0.096), while it was statistically
significant for 6-MMP (p < 0.0001, Figure 3). There was no
significant difference in the TPMT activity between males and
females (p = 0.824 for 6-TG and p = 0.734 for 6-MMP). A
statistically significant difference in 6-MMP concentrations was
observed between samples of children and adults with normal
TPMT activity (p = 0.015, Supplementary Figure S13), with
higher concentrations observed in pediatric samples; no
statistically significant difference was observed in 6-TG
concentrations (p = 0.147).

In the evaluated dataset, there were 64 patients on thiopurine
drug therapy who had thiopurine metabolite measurements
performed along with the test for the TPMT genotype. Out of
58 patient samples of this set, who were classified as TPMT *1/*1
(wildtype), five patient samples (8.6%) had 6-TG concentrations
within the therapeutic range (235–450 pmol/8 × 108 RBCs).
Forty-four patients (75.9%) had subtherapeutic 6-TG
concentrations (<235 pmol/8 × 108 RBCs) and nine patients
(15.5%) had 6-TG concentrations >450 pmol/8 × 108 RBCs.
When evaluating 6-MMP concentration, 45 patients (77.6%)
had 6-MMP concentration <5,700 pmol/8 × 108 RBCs and 13
patients (22.4%) had >5,700 pmol/8 × 108 RBCs. Out of the
patients included in this dataset, 91.1% had 6-TG concentrations
outside of the therapeutic range; the median (interquartile range)
for 6-TG and 6-MMP concentrations were 72 (50–253) pmol/8 ×
108 RBCs, and 500 (500–3,218) pmol/8 × 108 RBCs, respectively.

DISCUSSION

Therapeutic drug monitoring for thiopurine metabolites is
important to guide therapy to manage myelosuppression and
to minimize the risk of hepatotoxicity {Relling et al., 2019 #8}.
The novel aspects of this study include the following: 1)
development of a LC–MS/MS method for the measurement of
thiopurine nucleotides that use an automated method for
separation and washing of RBCs from WB samples; 2)
optimization of chromatographic separation, which enhanced
the analytical sensitivity and reduced the potential for ion
suppression; 3) optimization of the conditions for thiopurine
metabolite conjugate hydrolysis and 6-MMPN conversion to 6-
MMP*; 4) assessment of 6-TGN and 6-MMPN stability in WB
samples, washed RBCs, and in the samples prepared for the

FIGURE 3 | Distribution of 6-TG [(A), p = 0.096] and 6-MMP [(B), p < 0.0001] concentrations in samples with normal (n = 514) and intermediate (n = 93) TPMT
activity in samples of children and adults.

TABLE 1 | Summary of the results of method comparison.

Specifics Lab A Lab B Lab C

6-TG 6-MMP 6-TG 6-MMP 6-TG 6-MMP

Number of samples 173 154 123 83 22 21

Slope 1.06 1.04 1.02 1.40 1.14 1.06

Intercept 26.6 6.7 9.9 112 −20.5 −55.4

(R) 0.914 0.975 0.950 0.985 0.971 0.992

% Bias 19.2 4.5 6.6 45.8 7.4 5.2
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analysis; and 5) assessment of association between the TPMT
phenotype and genotype and thiopurine nucleotide
concentrations in routine patient samples.

The developed method utilizes automated RBC separation and
washing from WB samples {Bajaj et al., 2021 #22}. Processing
time for 24 WB samples is ~15 min, as compared to 2–2.5 h,
required for manual sample processing (O’Connell et al., 1965;
Thompson et al., 1984; Bosch et al., 1992; Connor et al., 1994).
Our data suggest that this automated RBC separation and
washing method holds a great promise for reducing the labor
required for the sample processing in methods using RBC
separation and washing.

We observed that performing RBC washes during the RBC
separation was important for the adequate quantitative
performance of the assay, as plasma may contain thiopurine
metabolites, which could cause falsely elevated thiopurine
nucleotide concentrations. In our method, there was no
significant difference in the thiopurine nucleotide
concentration between RBCs separated from samples that were
washed two and three times; therefore, the method uses two
washes.

In samples from patients on thiopurine drug therapy, 6-MMP
concentrations in RBC samples were 10–20 times greater than 6-
TG, which makes the simultaneous analysis of 6-TG and 6-MMP
challenging. To address this issue, we evaluated 6-MMP mass
transitions based on the first isotope (M+1) of 6-MMP* instead of
mass transitions based on monoisotopic ions, which are typically
used in MS/MS methods for quantitative analysis. The observed
M+1 peak abundances were ~10 times lower than those from
monoisotopic ions, resulting in comparable peak intensities of 6-
TG and 6-MMP* in the calibrators, QC, and patient samples.

Our data demonstrated that the adequate recovery of 6-TG
and 6-MMP from the respective conjugated forms of the
thiopurine nucleotides present in RBC, and quantitative 6-
MMPN conversion to 6-MMP*, requires hydrolysis at 100°C
for 2 h, while hydrolysis at lower temperatures or shorter times
resulted in incomplete hydrolysis, incomplete conversion to 6-
MMP*, and underestimation of 6-TG and 6-MMP
concentrations.

Numerous methods for the analysis of thiopurine metabolites
in RBCs have been published (Erdmann et al., 1990; Lavi and
Holcenberg, 1985; Lennard and Singleton, 1992; Moon et al.,
2019; Thomas et al., 2018). Dervieux et al. developed the first
LC–MS/MS method for the analysis of thiopurine nucleotides in
RBCs and demonstrated its clinical utility (Dervieux et al., 2005).
Kirchherr et al. (2013) changed the sample type from washed
RBCs to WB with subsequent normalization to account for the
WB sample variation in the RBC content. In our experience,
measurement of thiopurine nucleotides in WB leads to
overestimation of the concentrations in some samples.
Hofmann et al. (2012) developed an LC–MS/MS method for
simultaneous quantification of eleven thiopurine drug
metabolites, including monophosphate, diphosphate, and
triphosphate nucleotides of 6-TG and 6-MMP, and evaluated
their clinical significance. Additional studies are needed to assess
the clinical utility of measuring the individual phosphorylated
nucleotide conjugates. Methods for the measurement of

thiopurine metabolites in plasma have been developed
(Tsutsumi et al., 1982; Sorouraddin et al., 2011; Al-Ghobashy
et al., 2016), while very few plasma patient samples were analyzed
as part of these studies, and clinical utility of these measurements
was not demonstrated.

As reported by Simsek et al., poor agreement among methods
of different laboratories may be attributed to the sample stability,
standardization, or poor control of the hydrolysis of 6-TGN and
6-MMPN conjugates (Simsek et al., 2017). We observed
systematic bias in 6-MMP concentrations in the method
compared with one of the external laboratories. Due to
insufficient method information, we cannot comment on the
specific cause of this disagreement. Based on our data, despite a
lack of certified reference materials and proficiency testing
programs, the among-laboratory agreement in 6-TG and 6-
MMP concentrations was strong.

The poor stability of thiopurine nucleotides in WB samples
was reported in several publications (Pike et al., 2001; Hofmann
et al., 2012; Yoo et al., 2018). Pike et al. (2001) reported a decrease
in 6-TGN concentration by 2–4% per day in WB stored at
ambient temperature, and Yoo et al. (2018) recommended that
RBCs should be separated within four days of the blood draw, if
WB samples are stored refrigerated. Our data are in agreement
with those of Yoo et al., suggesting the adequate sample stability
with storage at 4 C for up to 4 days after receipt by the laboratory.

Pike et al. (2001) reported that 6-TGN concentration
decreased by about 12% after six months of storage at −80°C
and that 6-MMPN concentration did not change after six
months. Yoo et al. reported a decrease in 6-TGN (6-MMPN)
concentrations by 5 (10)% after storage at −70°C for 180 days
(Yoo et al., 2018). Our results on the stability of thiopurine
nucleotides in separated/washed RBC samples are in agreement
with the data from previous publications.

Because thiopurine drug therapy may cause life-threatening
myelosuppression and hepatotoxicity, the assessment of TPMT
enzyme activity prior to the initiation of therapy is recommended
to identify patients at risk. Patients with low TPMT activity are
expected to be at risk of bone marrow toxicity and are
recommended to avoid the use of thiopurine drug therapy or
to significantly reduce the dose. Patients with intermediate TPMT
activity could also be at risk of bone marrow toxicity and are
recommended to reduce the dose and have frequent thiopurine
metabolites monitoring. Patients with high TPMT activity are not
considered to be at a risk of bone marrow toxicity and standard
dosing, and periodic thiopurine metabolite monitoring is
recommended (Lee et al., 2021; Franca et al., 2021).

Data from our retrospective analysis demonstrated that TPMT
activity better explained the concentrations of 6-MMP than
concentrations of 6-TG. In agreement with earlier publications,
there was not a significant difference in the TPMT activity
between males and females (Wiwattanakul et al., 2017; Wu et al.,
2019). No statistically significant difference in 6-TG concentrations
was observed between children and adults in samples with normal or
intermediate TPMT activity; however, statistically significantly higher
6-MMP concentrations were observed in pediatric samples than in
samples of adults. Due to limited patient information in our
laboratory information system, we cannot determine the exact
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reason for this observation. This observation could be related to the
difference in the dosage and treatment regimens in children with
ALL, as compared to conditions for which thiopurine drug therapy is
used in adults.

In addition to the TPMT phenotype, TPMT and NUDT15
genotypes have been used to identify patients at risk for adverse
effects before initiation of thiopurine drug therapy (Wiwattanakul
et al., 2017). Dervieux et al. observed association between the TPMT
genotype and metabolite concentrations, illustrating the utility of
pharmacogenetics in the management of patients for whom
thiopurine drug treatment was recommended (Dervieux et al.,
2005). We did not observe statistically significant differences in 6-
TG and 6-MMP concentrations among the groups with different
genotypes, which is likely explained by the relatively small size of our
dataset.

Surprisingly, 6-TG concentration in 81.3% of the tested samples
was outside of the therapeutic range, which highlights the clinical
need for routine monitoring of thiopurine metabolites to help
optimize therapy and to achieve the adequate clinical outcomes.
Alternatively, the large percentage of samples with 6-TG
concentration below the therapeutic range could be related to 6-
TGN degradation during the time between the blood draw and
analysis of the samples at a clinical laboratory. Future studies are
needed, using samples from patients on thiopurine drug therapy, for
whom clinical information is available, to determine the cause of the
high frequency of observed 6-TGN concentrations below the
therapeutic range.

Our study had some limitations. Due to the unavailability of
large volumes of neat WB samples from patients on thiopurine
drug therapy, evaluation of the method accuracy, precision,
sensitivity, and linearity was performed using thiopurine
nucleotide-negative RBC lysate samples spiked with 6-TG and
6-MMP ribose conjugates. The use of ribose conjugates allowed
us to assess the effect of hydrolysis on the method’s performance
in all validation experiments.

In the data on retrospective data analysis, we did not have access to
the clinical information of the participants [disease, dosing, dosing
frequency, treatment compliance, and recent red blood cell
transfusion (since blood cell transfusions can reflect the TPMT
activity of the donor instead of the recipient)]. Moreover, it is
unknown whether these patients were taking other medications or
underwent treatments, which could alter the TPMT activity (Lewis
et al., 1997; Lennard et al., 2001; Brouwer et al., 2005).

CONCLUSION

We developed and validated a LC–MS/MS method for
quantification of 6-TG and 6-MMP in RBCs. As part of this
method, we developed an automated procedure for RBC
separation from WB samples and washing of the separated

RBCs. Our data suggest that this automated method for RBC
separation and washing has an adequate performance, and
significantly reduces labor and time as compared to the
manual methods. We observed reasonable inter-laboratory
agreement in the measured concentrations of 6-TG and 6-
MMP, while the among-laboratory agreement could likely be
improved through standardization and harmonization. Some of
the contributing factors impacting the accurate quantification of
thiopurine nucleotides are a lack of certified reference materials
and proficiency testing programs, poor stability of WB patient
samples and the analyte standards, and among-laboratory
differences in the methodologies. A review of the retrospective
data revealed higher 6-MMP concentrations in samples of
children than in samples of adults, and a high frequency of
samples with 6-TG concentrations below the therapeutic range;
future studies are needed to determine the cause of the
aforementioned observations.
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Therapeutic drug monitoring (TDM) of tyrosine kinase inhibitors (TKIs) is not yet performed
routinely in the standard care of oncology patients, although it offers a high potential to
improve treatment outcome and minimize toxicity. TKIs are perfect candidates for TDM as
they show a relatively small therapeutic window, a wide inter-patient variability in
pharmacokinetics and a correlation between drug concentration and effect. Moreover,
most of the available TKIs are susceptible to various drug-drug interactions and
medication adherence can be checked by performing TDM. Plasma, obtained via
traditional venous blood sampling, is the standard matrix for TDM of TKIs. However,
the use of plasma poses some challenges related to sampling and stability. The use of
dried blood microsamples can overcome these limitations. Collection of samples via
finger-prick is minimally invasive and considered convenient and simple, enabling
sampling by the patients themselves in their home-setting. The collection of small
sample volumes is especially relevant for use in pediatric populations or in
pharmacokinetic studies. Additionally, working with dried matrices improves compound
stability, resulting in convenient and cost-effective transport and storage of the samples. In
this review we focus on the different dried blood microsample-based methods that were
used for the quantification of TKIs. Despite the many advantages associated with dried
blood microsampling, quantitative analyses are also associated with some specific
difficulties. Different methodological aspects of microsampling-based methods are
discussed and applied to TDM of TKIs. We focus on sample preparation, analytics,
internal standards, dilution of samples, external quality controls, dried blood spot specific
validation parameters, stability and blood-to-plasma conversion methods. The various
impacts of deviating hematocrit values on quantitative results are discussed in a separate
section as this is a key issue and undoubtedly the most widely discussed issue in the
analysis of dried blood microsamples. Lastly, the applicability and feasibility of performing
TDM using microsamples in a real-life home-sampling context is discussed.

Keywords: tyrosine kinase inhibitors, therapeutic drug monitoring, microsampling, dried blood microsamples,
oncology drugs
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Verougstraete et al. TDM of TKIs Using Microsamples
INTRODUCTION: TDM OF TKIs

Therapeutic drug monitoring (TDM) refers to the determination
of therapeutic drug concentrations in biological fluids, mostly
serum, plasma or blood, with the aim of improving individual
treatment by dose adjustment. In clinical practice, TDM is
already routinely performed for several classes of therapeutic
compounds, such as immunosuppressants, antibiotics and anti-
epileptic drugs. Although evidence is accumulating that there
also lies significant potential in the field of cancer treatment,
TDM is not yet routinely performed for oncology drugs (1, 2).

Constitutive over-activation of tyrosine kinases (e.g. via
mutations or via constitutive ligand-mediated activation) is
known to underlie uncontrolled cell growth and proliferation,
resistance to apoptosis and lack of differentiation. Tyrosine
kinase inhibitors (TKIs) are a relatively new class of targeted
cancer therapy specifically inhibiting tyrosine kinases responsible
for deregulation of intracellular signaling pathways in tumor cells
(3). A wide array of TKIs has become available that is
increasingly being used for the treatment of various malignant
diseases, including chronic myeloid leukemia (CML),
gastrointestinal stromal tumor (GIST), non-small-cell lung
carcinoma (NSCLC), renal cell carcinoma (RCC) and
melanoma. In contrast to most classical cytotoxic agents, TKIs
are administered orally enabling outpatient treatment. Besides,
TKIs are usually given in non-individualized fixed doses (4).

TKIs have a relatively small therapeutic window and show
high inter-individual pharmacokinetic variability after oral
administration, caused by variation in absorption, distribution,
metabolism and excretion (2, 4, 5). Following a given dose, a
wide range of plasma concentrations among different patients
are to be expected, which can possibly affect therapeutic
responses and adverse effects (6). Bioavailability of TKIs
depends on drug formulation, gastrointestinal absorption,
concomitant food intake (e.g. increased bioavailability of
nilotinib and pazopanib when administered under fed
conditions (7)) and first-pass metabolism by the liver (8). As
the majority of TKIs are primarily metabolized via the
cytochrome P450 3A4 isoenzyme, this makes them prone to
drug-drug interactions. The latter is highly relevant for TKIs as
polypharmacy is common in cancer patients: for example, in
acute myeloid leukemia (AML) treatment clinically relevant
pharmacokinetic interactions have been described between the
FLT3 inhibitors (midostaurin and gilteritinib) and azole
antifungals (9, 10). Genetic polymorphisms, age, lifestyle
factors (e.g. influence of smoking on erlotinib metabolic
Abbreviations: AML, acute myeloid leukemia; CML, chronic myeloid leukemia;
DBS, dried blood spot; DPS, dried plasma spot; EDTA, ethylenediaminetetraaectic
acid; EQC, external quality control; GIST, gastrointestinal stromal tumor; Hct,
hematocrit; IATDMCT, International Association of Therapeutic Drug
Monitoring and Clinical Toxicology; IS, internal standard; LC-MS/MS, liquid
chromatography tandem mass spectrometry; LLOQ, lower limit of quantitation;
ME, matrix effect; MRM, multiple reaction monitoring; NIR, near infrared;
NSCLC, non-small-cell lung carcinoma; QC, quality control; RCC, renal cell
carcinoma; SIL, stable isotopically labeled; SKML, stichting kwaliteitsbewaking
medische laboratoriumdiagnostiek; TDM, therapeutic drug monitoring; TKI,
tyrosine kinase inhibitor; ULOQ, upper limit of quantification; VAMS,
volumetric absorptive microsampling.
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clearance (11)) and comorbidities also have an influence on
the CYP enzymes’ activity (2, 4, 12). Moreover, some of the
TKIs are substrates for drug transporters, e.g. erlotinib is a
P-glycoprotein substrate (12).

In the context of chronic conditions with a need for long-term
oral treatment, medication adherence is very important and a
major determinant in the therapeutic success of TKIs. Again, this
can be assessed by monitoring trough TKI levels (6, 13, 14).
Patients’ adherence to oral anticancer drugs is highly variable,
with reported rates varying from 100 down to 20% (15). In CML,
poor adherence is the main reason for the lack of obtaining a
molecular response (16). For most of the available TKIs, studies
have already defined exposure-response relationships. On the
one hand, underexposure may result in reduced efficacy with
therapy failure and/or more rapid development of TKI
resistance. On the other hand, if the exposure is too high, the
risk of treatment-related toxicity, with occurrence of adverse
effects is increased (6). This, in turn, may negatively impact
adherence. Given the (once or twice) daily chronic
administration of most TKIs, single steady-state trough levels
(i.e. just before the next dose) allow estimating TKI exposure (2).
Steady-state levels are achieved after 4-5 times the elimination
half-life of the drug (4). For newer TKIs, exposure-response
relationships and suitable pharmacokinetic thresholds associated
with favorable outcome still need to be defined (5, 17–19).
Furthermore, feasible dose-adaptation strategies should exist (4).

For the above-mentioned reasons, TKIs have been suggested
as perfect candidates for routinely performing TDM. Based on
evidence level, TDM is currently recommended for axitinib,
gefitinib, imatinib, pazopanib, sunitinib and trametinib (5).
Recently, the International Association of Therapeutic Drug
Monitoring and Clinical Toxicology (IATDMCT) has
published a consensus guideline for TDM of imatinib (20).
The evidence level for TDM for the TKIs alectinib, crizotinib,
erlotinib, gilteritinib, nilotinib and vemurafenib is categorized as
“potentially useful” because exposure-response relationships and
target concentrations have been established but TDM feasibility
studies have not yet been performed. For a wide range of
additional TKIs, including among others bosutinib, dasatinib,
ibrutinib, midostaurin and ponatinib evidence is still in the
exploratory phase. TDM of cobimetinib, entrectinib, lapatinib
and larotrectinib is not recommended (5).

Lastly, considering the high costs of these drugs and the high
consequences of subtherapeutic concentrations, efforts to ensure
their therapeutic potential should be made. Related to this, a shift
from a TKI fixed dosing paradigm to individual dosing based on
TDM results is recommended. In the context of personalized
cancer treatment, TDM is a relatively new strategy that could be
valuable to optimize TKI dosage, resulting in better
patient outcome.

TKI therapeutic ranges are typically expressed as plasma
concentrations, hence plasma, obtained via conventional
venous blood sampling, is the standard matrix for TDM of
TKIs. However, the use of plasma as a matrix poses some
challenges related to sampling and stability. Venous blood is
acquired via an invasive venous blood sampling procedure,
performed by qualified medical personnel. For cancer patients,
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this conventional venous sampling may be challenging because
of difficulties to access peripheral blood vessels due to the
frequent blood sample collection, combined with the
chemotherapy administration. Moreover, the preparation of
plasma requires a centrifugation step of whole blood and for
most TKIs refrigerated storage and transport of the sample
(blood or plasma) is needed (21). The latter is relevant as
TDM for TKIs is typically only performed at specialized
centers, requiring transportation from the sampling site to a
dedicated clinical lab. Stability can also be a key factor. Instability
is for instance relevant for ibrutinib, which is subject to rapid
degradation in plasma at room temperature and at 4°C (22, 23).
Moreover, diminished stability in plasma samples stored at room
temperature has also been reported for lapatinib and axitinib
(<24 hours) (24) and sunitinib (<48 hours) (25).

The above-mentioned issues can be overcome using
alternative sampling strategies, in which traditional matrices
are collected via an alternative approach. Dried blood
microsampling appears to be the most promising option for
application of TDM of TKIs (1). It refers to the collection of a
small amount of blood (typically <50 µL), most often following a
finger-prick using an automatic (single-use) lancet. Dried blood
microsamples are generally dried for 2-3 hours at ambient
temperature. Given the minimal invasiveness and the low
volume of sample collected, dried blood microsampling is
considered more patient-friendly than conventional venous
blood sampling. This is particularly relevant for use in
pediatric populations. Moreover, given the convenient and
simple sampling method, (micro)samples can be collected by
the patients themselves outside the healthcare environment. This
is advantageous for outpatients as they are not required to go to a
medical center for a blood draw. Furthermore, sampling at
predefined times (e.g. trough levels for most TDM
applications) is also more convenient in a home-setting and
will not lead to a delay in drug intake. Hence, it can be concluded
that, overall, microsampling complies with a patient-centric view
when it relates to sample collection. In addition, microsampling
is also a valuable tool to investigate the pharmacokinetics of TKIs
(12, 26), especially for the pharmacokinetic assessment of new
investigational TKIs during clinical trials (27, 28). Table 1
provides a summary of the advantages and challenges
associated with dried blood microsampling for TDM of TKIs.
Frontiers in Oncology | www.frontiersin.org 3222
The most widespread and well-known microsampling
technique is dried blood spot (DBS) sampling. DBS are
generated by collecting a drop of capillary blood, derived from
a finger- or heel-prick, on special filter paper. In a typical DBS
workflow, a 3-6 mm diameter disc is punched from the DBS,
followed by extraction of this subpunch. While there is a plethora
of papers concerning TDM via DBS (29–33), relatively few of
these deal with oral anticancer drugs or TKIs (34), although
recently there is an increased interest. Apart from conventional
DBS, other microsampling devices are also being explored for
TKI monitoring. E.g., we recently reported on the determination
of a TKI panel in samples collected via volumetric absorptive
microsampling (VAMS) (35). Briefly, VAMS is a sampling
technique in which a fixed volume of blood is wicked up by an
absorbent tip attached to a plastic handler, used as an alternative
to classical DBS sampling. Table 2 gives an overview of published
methods to determine TKIs in different dried blood
microsamples. In what follows we will discuss these methods,
along with the benefits and challenges, as outlined in Table 1.
METHODOLOGICAL ASPECTS OF DRIED
BLOOD MICROSAMPLE METHODS FOR
TKI TDM

Despite the many advantages associated with dried blood
microsampling, quantitative analyses on these matrices
requires tackling a few hurdles, which will be discussed in this
section. The hematocrit (Hct)-effect will be discussed in a
separate paragraph as this is a key issue and undoubtedly the
most widely discussed issue in the analysis of dried blood
microsamples (47–49). To guide successful incorporation of
TDM methods in routine, the IATDMCT published an
extensive guideline covering the development and validation of
DBS-based methods, including both classical validation
parameters and dried blood specific parameters. Furthermore,
this guideline provides guidance on how to deal with specific
dried blood associated issues and pitfalls during method
development (50). In essence, it shouldn’t matter whether a
TKI is determined in liquid or dried blood, implying that
concentrations measured in a dried blood microsample should
TABLE 1 | Advantages and challenges associated with TKI (dried) microsampling.

Advantages Challenges

Minimally invasive sampling Correlation with (venous) plasma concentrations
Small sample volume Hematocrit effects: differential spreading of blood samples (DBS), impact on recovery and blood-to-plasma ratio
Convenient and cost-effective transport and storage Influence of spotted volume & spot homogeneity (DBS)
No need for centrifugation step Sensitive analytical techniques required
Compound stability Dilution of samples >ULOQ
Home sampling Lack of proficiency testing programs
Less biohazardous Risk of inadequate sampling

Extra validation steps needed
Sampling material is more expensive than blood tubes
Not compatible with track systems in clinical labs
Need for drying for 2 hours
DBS, dried blood spots; ULOQ, upper limit of quantification.
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TABLE 2 | Overview of published microsample TKI-based methods in alphabetical order of the first author.

Application Mean Hct (+
range) of study

population

BS and plasma samples from 50 CML 0.36 (0.29-0.43)

DBS and plasma samples from 20 0.41

BS and plasma samples from 12 0.45 (0.40-0.49)

DBS (both from venous blood and
asma samples from 26 GIST patients

0.38 (0.26-0.44)

BS and plasma samples from 10 0.39 (0.32-0.42)

DBS and plasma samples from CML *

BS and plasma samples from 45 CML 0.41

asma, venous whole blood, finger
ipette-drawn DBS samples from 24
ical dose study

*

(venous) DPS and plasma samples NA
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Complete
DBS vs

DBS punch

Sample preparation Internal
standard

Antunes et al.
(36)

DBS Imatinib 50-
4000
ng/mL

Punch: 6
mm d

Direct extraction with MeOH SIL Comparison between D
patients

Boons et al.
(37)

DBS Nilotinib 17-
4100
ng/mL

Punch: 8
mm d

Direct extraction with MeOH SIL Comparison between 4
CML patients

de Wit et al.
(38)

DBS Pazopanib 0.1-50
µg/mL

Punch: 4
mm d

Direct extraction with FA and MeOH SIL Comparison between D
mRCC patients

Iacuzzi et al.
(39)

DBS Imatinib 50-
7500
ng/mL

Punch: 3
mm d

Direct extraction with 0.1% FA in MeOH SIL Comparison between 5
from finger prick) and p

Norimatinib 10-
1500
ng/mL

Irie et al. (40) DBS Gefitinib 37.5-
2400
ng/mL

Punch: 3
mm d

Direct extraction with MeOH Erlotinib Comparison between D
NSCLC patients

Kralj et al. (41) DBS Imatinib 50-
5000
ng/mL

Complete:
10 µL

Direct extraction with 0.1% FA in MeOH SIL Comparison between 2
patients

Nilotinib 50-
5000
ng/mL

Dasatinib 2.5-
250
ng/mL

Lee et al. (42) DBS Radotinib 5-
2000
ng/mL

Punch: 6
mm d

Direct extraction with “extracting solvent” * Comparison between D
patients

Martin et al.
(28)

DBS R406 (active
metabolite of
fostamatinib)

2.5-
2500
ng/mL

* * SIL Comparison between p
prick-drawn DBS and p
patients in a phase I clin

Mukai et al.
(43)

DPS Dasatinib 1-200
ng/mL

Complete:
40 µL

Extraction with MeOH/ACN (50/50, v/v) followed
by SPE and evaporation to dryness

SIL Comparison between 9

Ponatinib 1-200
ng/mL

Ibrutinib 2-400
ng/mL

Bosutinib 5-
1000
ng/mL

Imatinib 20-
4000
ng/mL

Nilotinib
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TABLE 2 | Continued
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A

20-
4000
ng/mL

Nijenhuis et al.
(26, 44)

DBS Vemurafenib 1-100
µg/mL

Punch: 3
mm d

Direct extraction with MeOH/ACN (50/50, v/v) SIL Comparison between 43 D
melanoma patients (26)

Parra-Guillen
et al. (12)

DBS Erlotinib 10-
10000
ng/mL

Punch: 3
mm d

Direct extraction with MeOH/water (50/50, v/v) SIL Comparison between DBS
patients with advanced NS

Metabolite OSI-
420

2.5-
2500
ng/mL

Verheijen et al.
(45)

DBS Pazopanib 1-50
µg/mL

Punch: 3
mm d

Direct extraction with FA and subsequent MeOH SIL Comparison between 329
patients with advanced sol

Verougstraete
and Stove (35)

VAMS Bosutinib 5-675
ng/mL

NA Pre-wetting VAMS tips with water followed by
sonication, LLE with methyl-t-butyl ether and
evaporation to dryness

SIL Comparison between 27 (v
samples from oncology pat

Dasatinib 0.5-
450
ng/mL

Gilteritinib 25-
675
ng/mL

Ibrutinib 5-675
ng/mL

Imatinib 10-
2250
ng/mL

Midostaurin 30-
2250
ng/mL

Nilotinib 10-
2250
ng/mL

Ponatinib 1-450
ng/mL

Xu et al. (27) DBS MK-1775
(adavosertib)

2-
1000
ng/mL

Punch: 3
mm d

Direct extraction with 85% ACN – 10mM
ammonium formate

SIL Comparison between DBS
tumor patients

Zimmermann
et al. (46)

VAMS Afatinib 2-500
ng/mL

NA Rehydration of VAMS tips with water followed by
addition of ACN as extraction solution and
evaporation of the supernatant

SIL 24 VAMS samples from 5 p

Axitinib 2-500
ng/mL

Bosutinib 2-500
ng/mL

Cabozatinib 6-
1500
ng/mL

224
p

B

C

D
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mimic those obtained from liquid blood. If not, this points at a
methodological issue associated with the dried blood-based
method, which should be addressed.

a. Sample Preparation
For plasma-based methods for TKI TDM, simple protein
precipitation with organic solvents is the most commonly used
sample pretreatment approach (51). In dried blood microsample
bioanalysis, sample preparation plays a pivotal role, as
extractability issues (e.g. differences in recovery between aged
versus fresh samples, or between samples with a different Hct)
may be detrimental for a method’s usefulness in clinical practice.
Several sample preparation approaches have been described for
TKI determination in dried blood microsamples. The easiest
extraction method includes a single-step extraction by addition
of an organic solvent or a mixture of solvents to the microsample.
After subsequent shaking and centrifugation, the supernatant
can be injected on the analytical column (12, 27, 36–42, 44, 45).
This is the most preferred approach as the sample handling is
simple and fast. However, the high amount of organic solvent in
these extracts may influence the chromatographic run. If
sensitivity allows, the extracts can be diluted with water prior
to injection to eliminate this solvent-effect on chromatography
(38, 44, 45). The concurrent determination of several TKIs may
require a more sophisticated sample preparation strategy. For
example, the sample preparation of dried plasma spots (DPS) for
the measurement of bosutinib, dasatinib, ibrutinib, imatinib,
nilotinib and ponatinib consisted of a liquid extraction step
followed by solid-phase extraction and subsequent drying (43).
In two VAMS-based methods, VAMS samples were pre-wetted
with an aqueous solution prior to the addition of an organic
solvent for extraction (35, 46). Overall, a robust extraction
procedure is key to the reliability of a method using dried
blood microsamples.

b. Analytics
All reported microsample-based TKI methods used in-house
developed liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) as analyt ical technique.
Concentration ranges in dried blood microsamples are similar to
the ones observed in plasma matrices. A high sensitivity is
required to attain adequate lower limits of quantitation (LLOQs)
– ideally not higher than 50% of the lower end of the therapeutic
range. Although current new-generation MS detectors offer a high
sensitivity, this may still be a challenge when aiming at detecting
TKIs with trough levels in the low-ng/mL range in dried blood
microsamples corresponding to merely 3 to 10 µL blood (49, 51).
Examples include dasatinib and talazoparib, with median reported
trough levels of 2.61 ng/mL and 3.54 ng/mL, respectively (5).
Published dried blood microsample-based methods for dasatinib
had LLOQs of 2.5 ng/mL in 10-µL DBS (whole spot analysis) (41),
1 ng/mL in 40-µL DPS (43) and 0.5 ng/mL in 10-µL VAMS (35).
Specificity is achieved by separation of the compounds on LC
columns and detection in multiple reaction monitoring (MRM)
mode. Several multi-TKI LC-MS/MS methods have been
developed (35, 41, 43, 46), offering the advantage that one
dedicated method can be applied for a variety of analytes (and,
T
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hence patient samples), which is especially relevant in routine
clinical settings. Known disadvantages of LC-MS/MS are the high
investment and maintenance cost, the high technical expertise that
is required and the need for time-consuming sample preparation,
which is typically more laborious for dried microsamples, when
compared with plasma samples. However, LC-MS/MS analyses of
dried blood microsamples can be fully automated using robotics,
thereby allowing a higher throughput, decreasing the workload
and improving turn-around time in the clinical laboratory (30).
For example, the CAMAG DBS autosampler (Camag, Muttenz,
Switzerland) allows 500 DBS cards to be stacked, which can
subsequently be subjected to fully automated extraction and LC-
MS/MS analysis: from card to result with no hands-on (52, 53).
There are currently no published methods for TKI TDM using
automated sample preparation. Automation of VAMS sample
processing is also feasible, although at this point only rarely
being employed, with no published reports available on
routine implementation.

c. Internal Standards
Stable isotopically labeled (SIL) internal standards (ISs) are
regarded as the best choice to compensate for variations during
sample preparation and LC-MS/MS analysis. The importance of
using SIL-ISs was also observed in several dried blood
microsample-based TKI methods: Antunes et al. found
significant ion enhancement for imatinib in DBS, which was
completely compensated using imatinib-D8 as IS (36). In our
own work, we observed substantial ion suppression for most
compounds measured in VAMS samples, which was also
adequately compensated for by using SIL-ISs. Moreover, the
ISs also compensated for losses during sampling preparation
(35). A non-SIL IS was used in only one method: in the DBS
method of Irie et al., erlotinib was used as IS for quantification of
gefitinib, both being EGFR-TKIs with similar structures (40).

d. Dilution of Dried Blood Microsamples
Patient samples with a TKI concentration above the measuring
range should be diluted in order to obtain a correct quantitative
result if clinically relevant. Whilst this is straightforward for
plasma, this is less evident for dried microsamples, which cannot
be directly diluted. Indeed, most published dried microsampling
methods for TKI monitoring did not integrate dilution of
samples as part of the validation. Nijenhuis et al. diluted DBS
extracts with vemurafenib concentrations higher than the upper
limit of quantification (ULOQ) (100 µg/mL) seven-fold with
blank extracts (44). A similar approach was described for
pazopanib: DBS extracts were diluted tenfold with a processed
controlled matrix (45). Xu et al. described two different
approaches to di lute DBS samples with MK-1775
concentrations above the assay ULOQ (1000 ng/mL). In the
first method, blank DBS extract containing the IS was added to
the DBS sample extract. The second approach involved mixing
one subpunch from the DBS sample with five subpunches
obtained from blank DBS. Both dilution methods provided
accurate and reproducible results (27). If dilution of samples is
to be performed in routine practice, dilution integrity should be
an integral part of the method validation in order to report
Frontiers in Oncology | www.frontiersin.org 7226
quantitative results above the highest point of the calibration
line. Alternatively, clinically relevant ULOQs could be chosen for
each TKI during method development. As a guidance, an ULOQ
twice the upper limit of the therapeutic range can be considered
adequate, with a reporting of “>ULOQ” when a signal above the
ULOQ is encountered.

e. External Quality Controls
When implementing TDM analyses in routine care, laboratories
should participate in proficiency testing programs. To the best of
our knowledge, there are currently no proficiency testing
programs for TDM of TKIs in microsamples, while such a
program readily exists for TDM of immunosuppressant drugs
in microsamples, set up by the Dutch organization SKML (54).
As an alternative, independent dried blood quality control (QC)
samples can be generated using plasma-based (e.g. Asqualab)
external QC samples (EQC) by replacing part of the plasma of a
blank whole blood sample by the external QC material (31, 55,
56). The resulting blood sample can then be used to generate
DBS. As the amount of plasma being replaced by EQCmaterial is
known, it is even possible to convert the obtained DBS
concentration to a plasma concentration post-analysis, which
can be formally reported to the proficiency test organizer.

f. DBS Specific Validation Parameters
The use of DBS subpunches necessitates the evaluation of
additional parameters during method validation. One aspect to
be evaluated is whether the spotted volume of blood on the filter
paper has an impact on the method accuracy. Nijenhuis et al.
reported that for vemurafenib the volume of a blood drop
affected the reproducibility of the method and volumes >20 µL
increased the inaccuracy of the assay. However, the latter was
considered clinically irrelevant as the authors stated that DBS
samples collected via finger-prick typically correspond to blood
volumes of approximately 10-20 µL (44). In other studies, for
imatinib and norimatinib (39), pazopanib (45) or MK-1775 (27)
no influence of spot sizes between 10 to 40 µL, 10 to 30 µL or 30
to 50 µL, respectively, were observed. Another aspect to be
evaluated is the site of punching (central versus peripheral), as
non-homogeneous distribution of drugs on filter paper has been
described, commonly known as the “volcano effect” (48)
(accumulation of red blood cells occurs at the very outer edge
of a DBS). Several articles investigated this aspect by comparing
results obtained from punches taken from the edge with those
from punches taken at the center of a DBS. For imatinib and
norimatinib (39), pazopanib (45) and MK-1775 (27) central and
peripheral measurements gave equivalent results. Preferably, the
volume and volcano effect should also be evaluated at different
Hct and concentration levels (50).

g. Stability
Theoretically, working with dried matrices improves the stability
of most compounds. This allows a more cost-effective transport
and storage: in many instances dried microsamples can be
transported via regular mail (under ambient conditions) and
stored for prolonged periods at room temperature (21). The
advantage of improved stability was nicely exemplified for
March 2022 | Volume 12 | Article 821807
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ibrutinib, which is only stable in plasma for a few hours, whereas
in VAMS samples and DPS it was reported to be stable at room
temperature for 2 (35) and 12 weeks (43), respectively. Table 3
summarizes the reported stabilities of various TKIs in different
types of microsamples. It should be noted that for TDM of TKIs
long periods of sample storage are less relevant, as analyses
typically need to be performed as quickly as possible, within 1
week (or less) after sampling. For TDM purposes it is mainly
important that stability during the transport of the dried
microsamples is guaranteed. Several authors investigated the
stability of TKIs in dried microsamples stored at higher
temperatures, to simulate extreme temperature conditions that
could be encountered during transportation to the laboratory via
regular mail (e.g. in a postbox fully exposed to the sun during
summer): gefitinib was stable for 24h at 40°C (40), imatinib and
nilotinib were stable for at least three days at 40°C (this was not the
case for dasatinib) (41), imatinib for 36 days at 43°C (36) and most
TKIs of two different TKI panels in VAMS for at least 2 days at
Frontiers in Oncology | www.frontiersin.org 8227
60°C (35, 46). It should be noted that not in all instances where
instability was reported, the authors verified whether extractability
wasn’t affected, hence resulting in apparent instability (57). For
protection from humidity, dried microsamples are advised to be
transported and stored in closed plastic bags with a desiccant.
Drying also inactivates pathogens present in the blood, which
reduces the biohazard risk (58).

h. Hematocrit Effects
For a variety of reasons, deviating Hct values may impact dried
blood microsample-based quantitative results. The best-known
effect of the Hct of a blood sample is related to the spreading of
blood on filter paper, when working with conventional DBS
collected via direct application of a drop of blood. This is related
to the viscosity of the blood: blood with a higher Hct will spread
less than blood with a lower Hct and will result in more
concentrated spots. Hence, when a fixed-diameter punch is
taken from DBS with a higher Hct, the volume of blood and
TABLE 3 | Reported stability of TKIs in different microsamples in alphabetical order of the first author.

Reference TKI Microsample Storage condition

Antunes et al. (36) Imatinib DBS 36 days at -20, 25 and 43°C
Boons et al. (37) Nilotinib DBS 7 months in refrigerator (2-8°C)
de Wit et al. (38) Pazopanib DBS 75 days at ambient temperature
Iacuzzi et al. (39) Imatinib DBS 16 months at RT

Norimatinib
Irie et al. (40) Gefitinib DBS 5 months at RT

5 months at -20°C
24 hours at 40°C

Kralj et al. (41) Imatinib DBS 30 days at RT or -20°C
Nilotinib 3 days at 40°C (except dasatinib)
Dasatinib

Mukai et al. (43) Bosutinib DPS 72 hours at 40°C/90% RH
Dasatinib 12 weeks at RT
Ibrutinib
Imatinib
Nilotinib
Ponatinib

Nijenhuis et al. (26) Vemurafenib DBS 827 days at ambient temperature
Verheijen et al. (45) Pazopanib DBS 398 days at ambient temperature
Verougstraete & Stove (35) Bosutinib VAMS 1 month at -20°C, 4°C and RT (except ibrutinib 2 weeks at RT)

Dasatinib 2 days at 60°C (except ibrutinib 1 day)
Ibrutinib
Imatinib
Gilteritinib
Midostaurin
Nilotinib
Ponatinib

Xu et al. (27) MK-1775 (adavosertib) DBS 6 months at -20°C
14 months at ambient temperature
8 days at 40°C/75% RH

Zimmermann et al. (46) Afatinib VAMS 6 weeks at RT (19% RH)
Axitinib 2 days at 60°C (10% RH) (except afatinib and osimeritinib)
Bosutinib
Cabozatinib
Dabrafenib
Lenvatinib
Nilotinib
Osimeritinib
Ruxolitinib
Trametinib
DBS, dried blood spot; DPS, dried plasma spot; RH, relative humidity; RT, room temperature; TKI, tyrosine kinase inhibitor; VAMS, volumetric absorptive microsampling.
March 2022 | Volume 12 | Article 821807

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Verougstraete et al. TDM of TKIs Using Microsamples
thus the amount of analyte contained within this subpunch will
be higher than in punches from DBS with a lower Hct. Spreading
of the blood also depends on the type of filter paper used (47–49).
For each DBS-based method, a Hct interval in which the impact
of this ‘area bias’ is still acceptable should be established during
method validation. This Hct effect is of particular importance in
oncology patients, as the Hct may vary widely in this population:
whereas the reported mean Hct of the different oncology study
populations was quite constant, the ranges of these Hcts were
wide (see Table 2). Furthermore, Hct values may also vary widely
within the individual oncology patient due to concomitant
chemotherapy, disease progression or overall clinical status.

Several approaches have been proposed that may allow to
cope with the differential spreading of blood samples with
varying Hct. A first approach implies the use of volumetrically
applied DBS, followed by whole spot analysis. Kralj et al.
followed this approach, after pipetting 10 µL EDTA whole
blood onto filter paper (41). However, such accurate
volumetric application of blood onto a filter paper is hard to
envisage when aiming at home-sampling by the patients
themselves. Another strategy is to determine or estimate the
Hct of the blood used for DBS preparation, to correct for the Hct
bias. For instance, Hct levels can be predicted by measuring the
potassium concentration in DBS. Potassium concentrations
correlate with the Hct because potassium is predominantly
located intracellularly and erythrocytes are the prime cellular
constituent of blood (59). Hct levels can also be predicted via
determination of its total hemoglobin content, using non-contact
single-wavelength reflectance spectroscopy (60, 61) or near
infrared (NIR) spectroscopy (62–64). If the Hct level of the
DBS (subpunch) is known, correction factors to alleviate the Hct
bias can be used (61, 65) or plasma concentrations can be derived
from the measured DBS concentrations (see further).

New devices, allowing an accurate volumetric collection of
capillary dried blood microsamples, are continuously being
developed. These maintain the benefits associated with DBS,
while avoiding the above-described Hct-based area bias (66).
One of the first strategies to achieve this is VAMS, which has
evolved over the course of years into a valuable alternative to
classical DBS sampling. VAMS devices (marketed as Mitra® and
introduced in 2014 by Neoteryx, Torrance, CA) consist of a
porous absorbent polymeric tip, connected to a plastic handle.
Upon touching a drop of blood for a few seconds, the tips absorb a
fixed volume of blood (10, 20 or 30 µL) by capillary action,
irrespective of the sample’s Hct (67, 68). Furthermore, compared
to DBS, collection of VAMS samples has been scored as more
simple and straightforward (69, 70). A current limitation of
VAMS, when compared to DBS, is that there are hardly any
reports on fully automated extraction and analysis – there is only
one report describing the measurement of ten peptides in VAMS
samples via an automated platform for protein extraction and
digestion (71). As devices are being designed to enable easy,
automated sample preparation by robotic liquid handling
platforms (21), it is expected that VAMS samples will catch up
with DBS in terms of automation for TDM analyses. For example,
a Tecan® (Männedorf, Switzerland) platform has already been
Frontiers in Oncology | www.frontiersin.org 9228
used for automatic preparation of blood-dipped VAMS tips which
can be used as calibrators or QCs. This only results in automation
and time saving for the preparation of the VAMS samples
themselves, with extraction and chromatographic analysis still
requiring manual processes (72). To date, two groups have
investigated the measurement of TKIs using VAMS, establishing
multi-analyte methods for the simultaneous quantification of eight
(35) or ten TKIs (46). Other volumetric microsampling devices
avoiding the Hct and inhomogeneity bias include the HemaPEN
(Trajan, Melbourne, Australia), Capitainer qDBS (Capitainer,
Solna, Sweden) and HemaXis DB 10 (HemaXis, Gland,
Switzerland) device (66). To the best of our knowledge, none of
these devices has been used for the determination of TKIs yet.
A drawback associated with these alternative sampling devices is
the higher cost and, for some, the more complex sampling and
processing technique compared to conventional DBS. These
aspects, together with the recency of these developments, may
explain the hitherto limited implementation of these devices in
clinical routine (66).

Another approach to minimize the Hct bias effect is to
prepare calibration standards in blood with a Hct level close to
the expected Hct of the target population (30). For this approach
the Hct among the target population and within the individual
patients should be quite constant, which is not the case for the
heterogeneous population of cancer patients treated with TKIs
(see above). Moreover, one should know whether the Hct level of
the sample lies within the covered Hct range – the above-
mentioned Hct prediction strategies allow to derive this
information. In the different published TKI methods the
standards were prepared in blank blood with a Hct of 0.40
(35), 0.42 (41), 0.35 (36), 0.44 (45), 0.40 (37), 0.38 (39) or
0.45 (46).

In most of the published TKI microsample methods the
influence of the Hct on the accuracy of the method has been
evaluated by preparing QC samples at different Hct levels and
comparing the obtained results to those obtained from QC
samples with the Hct value of the calibrators. No significant
impact for the following Hct ranges on the accuracy was
observed for imatinib [0.25-0.50] (36), imatinib combined with
its active metabolite norimatinib [0.29-0.59] (39), imatinib
included in a multi-TKI method together with dasatinib and
nilotinib [0.30-0.60] (41), MK-1775 [0.16-0.85] (27), nilotinib
[0.25-0.50] (37), pazopanib [0.20-0.65] (38) and [0.35-0.50] (45),
vemurafenib [0.24-0.45] (44) and for a multi-analyte method
containing eight [0.18-0.55] (35) and ten [0.30-0.55] (46) TKIs.

The second effect of the Hct on dried blood microsampling is
its potential impact on the recovery of the analyte from the dried
blood microsample. This is the case for both conventional DBS
and for the newer microsampling devices: Hct-dependent
recoveries have been described for DBS (73) and can even be
more profound for VAMS samples (74, 75). Most often, high Hct
levels have a negative effect on the analyte recovery, resulting in
an underestimation of the analyte concentration (76). The latter
has been explained for VAMS samples by the larger amounts of
erythrocytes present at higher Hct levels, which may trap the
analytes in the pores of the VAMS tip, resulting in a lower
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recovery (75). Similarly, the recovery may be impacted upon
ageing of the dried samples. Therefore, thorough optimization of
the extraction procedure during method development is critical
to ensure the robustness of a dried blood microsample-based
method. Besides the use of different extraction solvents and
elevated temperatures to obtain a more robust Hct-
independent extraction (55, 56), Mano et al. concluded that
the inclusion of a sonication step helps to improve the extraction
of the compounds from the porous VAMS material (77).
Importantly, as IS are typically added together with the
extraction solvent, these will only compensate for post-
extraction biases and will not compensate for recovery issues.
The latter can potentially be solved for DBS analyses by spraying
the IS onto the filter paper before sample extraction (78).
However, in all the published TKI DBS methods, the ISs were
added to the extraction solvent or directly added to the sample
before extraction (12, 27, 36–41, 43–45). In a multi-analyte TKI
method on VAMS samples clear Hct-dependent recovery issues
were observed over a Hct range from 0.20 to 0.60 at different
storage conditions (i.e. -80°C, room temperature and 60°C)
during pre-validation stress testing. The issues were eventually
resolved by developing a rigorous extraction protocol including
pre-wetting of the VAMS tips, sonication and liquid-liquid
extraction followed by an evaporation step. The robustness to
the impact of Hct was formally demonstrated during method
validation, where IS-compensated recoveries from VAMS
samples, derived from blood with Hct ranging from 0.18 to
0.55, ranged from 83 to 125%, with all CVs being less than 11.6%
(35). Next to its effect on recovery, samples with different Hct
levels can also be considered as different matrices, with the
potential to give rise to Hct-dependent matrix effects (MEs). It
is therefore recommended that during method validation, next to
the blank matrices obtained from six different individuals, blood
samples covering a broad Hct range should also be included for
the evaluation of MEs (50). When evaluating MEs and recovery
of the assay, it is important that these are consistent, rather than
being minimal (for ME) or maximal (for recovery). We
demonstrated in our published TKI VAMS method that MEs
and recoveries were Hct-independent over a broad Hct range
(0.18-0.55) (35).

Lastly, the Hct of a sample may also influence the blood-to-
plasma concentration ratio and thus the blood to plasma
concentration conversion (79). The different approaches for
converting an obtained dried blood result to a plasma
concentrat ion wil l be discussed thoroughly in the
following section.

i. (Dried) Blood to Plasma Conversion
TKI target ranges are typically plasma-based, implying that for
clinical interpretation dried blood matrix results should be
converted to plasma concentrations. During (clinical) method
validation a correlation study between DBS (blood) and plasma
concentrations should be established using authentic patient
samples. Most publications comparing TKI concentrations
derived from DBS with those from corresponding plasma
reported deviating (but correlating) concentrations. For those
Frontiers in Oncology | www.frontiersin.org 10229
TKIs, the DBS concentrations should be converted to plasma
concentrations. Equivalent concentrations were reported for
gefitinib only for finger-prick DBS and venous plasma
measurements, so for that analyte plasma results can be
directly replaced by DBS concentrations without applying a
conversion method (40). This means that gefitinib is probably
slightly more partitioned in blood cells than in plasma, as upon
equal partitioning a blood concentration is typically slightly
lower than a plasma concentration.

In literature, dried blood TKI concentrations were converted
to plasma concentrations based upon approaches that take into
account a Hct correction, with or without considering the
influence of blood-to-plasma partitioning of the TKI, or directly
via empirically obtained regression equations or correction
factors. When applying such experimentally determined
correction factor or regression, it is essential that this is
validated on an independent dataset which was not used for
deriving that factor (80). Nilotinib plasma concentrations derived
from capillary DBS concentrations were calculated, taking into
account the Hct and the blood-to-plasma ratio using the formula
described by Wilhelm et al. (30). Additionally, the plasma
nilotinib concentrations were predicted based on an empirically
obtained Deming regression equation. Both methods showed
similar predictive performance and both could be used to
predict plasma concentrat ions from DBS ni lot inib
concentrations (37). Vemurafenib plasma concentrations were
predicted via a comparable Hct-based conversion method, taking
into account the blood cell to plasma partition coefficient. The
plasma concentrations were also appropriately predicted via an
experimentally obtained regression equation (26). Alternatively,
Antunes et al. took into account the fraction of the drug in plasma
(fp) for estimating imatinib plasma concentrations (Cp): Cp=
[CDBS/(1-Hct)] x fp. The fp imatinib value was determined as
the value which resulted in a mean ratio between measured and
estimated imatinib plasma concentration of 1. In line with the
other studies, this group also set up a conversion using a
correction factor to directly convert DBS concentrations to
plasma concentrations without considering the Hct value nor
other variables: both conversion methods resulted in a high
agreement between calculated and measured imatinib plasma
concentrations (36). Pazopanib (38), imatinib and norimatinib
(39) and imatinib, nilotinib and dasatinib (41) plasma
concentrations were calculated from DBS concentrations via a
Hct correction using the formula: Cp= CDBS/(1-Hct), which
neglects the possible distribution of TKIs into the blood cells.
This formula can be used for TKIs which are only present in the
plasma compartment or for TKIs with a high protein binding (for
example pazopanib >99.9%), since only the unbound fraction of
TKIs can partition into blood cells and the unbound fraction can
be considered to be negligible (38). Iacuzzi et al. compared the
simple Hct-conversion method with a conversion via an
experimentally determined correction factor and found that the
latter yielded a slightly better agreement with the measured
plasma concentrations (39). Verheijen et al. applied an
empirical Deming regression equation to convert pazopanib
DBS to plasma concentrations. Correction for individual Hct
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did not improve the correlation between calculated and measured
plasma concentrations (45). For radotinib, an approach was
proposed in which plasma concentrations were calculated by
using the measured Hct value in a second-degree polynomial
function (42). When a Hct-based correction method is used,
specific measured or predicted Hct levels or a fixed Hct applicable
for the whole intended study population can be used (37, 38). The
latter approach has the advantage that the individual Hct level of a
microsample should not be measured or estimated, however this
requires a population with rather homogenous Hct values. We
previously determined the mean ratio between actual plasma and
whole blood concentrations for TKIs used for treatment of
hematological malignancies (i.e. bosutinib, dasatinib, gilteritinib,
ibrutinib, imatinib, midostaurin, nilotinib and ponatinib) and
found substantial differences, both for different TKIs, as well as
(for certain TKIs) between different individuals, although larger
patient sets are required to substantiate these findings (23).
Similarly, Zimmermann and colleagues determined VAMS
whole blood to plasma conversion factors for a panel of ten
TKIs (i.e. afatinib, axitinib, bosutinib, cabozantinib, dabrafenib,
lenvatinib, nilotinib, osimertinib, ruxolitinib and trametinib),
noting that for cabozantinib, dabrafenib, lenvatinib, nilotinib,
osimertinib and ruxolitinib the Hct impacted the VAMS whole
blood to plasma concentration conversion. However, it should be
noted that the latter experiments were performed in vitro on
spiked blood samples and not on authentic patient samples (46).
The obtained blood-plasma ratios are still to be evaluated
clinically in elaborate dried blood microsample versus plasma
comparison studies.

Using plasma instead of whole blood for the generation of
dried matrix spots, resulting in DPS, allows to overcome the Hct
effects and, in addition, overcomes the need to calculate a plasma
concentration from a (dried) blood concentration. The
availability of DPS should allow smooth application, without
any need for conversion. Mukai et al. developed and validated an
analytical method for the simultaneous quantification of
bosutinib, dasatinib, ibrutinib, imatinib, nilotinib and
ponatinib in DPS. DPS were generated by pipetting 20 µL of
plasma onto a filter paper. Despite expecting to be equivalent
matrices, significant systematic errors were observed between
plasma and DPS concentrations for bosutinib, nilotinib and
ponatinib, suggesting a methodological issue (43). Since the
plasma was prepared by centrifugation of whole blood, this
approach is not feasible for home-sampling. It only retains the
benefits of more convenient sample transport and storage.
Plasma separator devices which can generate volumetric DPS
from a non-volumetrically applied drop of blood onto
multilayered filter membranes are currently commercially
available. While these devices have the advantage that the need
for a centrifugation step is eliminated, only few applications have
been published (81, 82). A disadvantage of DPS, compared to
dried blood microsamples, is that for the generation of DPS
higher sample volumes are required.

Last, for several TKIs with a high protein binding, the
monitoring of the free TKI fractions can be theoretically more
relevant as only this fraction is likely to penetrate into the tumor
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cells and induce pharmacologic effects. The high protein bound
TKIs are predominantly bound to albumin and a-acid
glycoprotein, which means that fluctuating levels of these
proteins influence total TKI concentrations (6, 18). This poses
an additional limitation for dried blood microsamples as -per
definition- these can only be used for measuring total TKI
concentrations. However, there is to date still a lack of
consensus regarding the utility of unbound TKI measurements.
TOWARDS HOME-SAMPLING

Given the simple sample collection and stabilizing effect on the
analyte, microsamples can be collected at home and can be sent
to the laboratory via regular postal services under ambient
conditions, prior to consultation. This allows the actual TKI
level of the patient to be available at the time of consultation,
allowing insight into the most recent data. As described earlier,
TKI targets are generally based on trough concentrations.
Obtaining trough levels is definitely not always easy when a
patient has to come to the hospital or needs to visit a doctor for a
blood draw. Home-based sampling is superior in this respect:
within the comfort of the home-setting, the patient can self-
collect a sample at the right time point. This will also prevent the
risk of delay in drug intake when the patient should be sampled
at a medical center. However, home-sampling is only feasible if
the patients are clearly instructed and received adequate training
about sample collection and, importantly, are aware of the
importance of a correct sample collection (69, 70, 83, 84).

Most TKI studies artificially prepared dried microsamples in
the lab by pipetting venous blood on filter paper (27, 35, 41, 43)
or had DBS samples collected by trained personnel in a hospital
environment (26, 28, 36–39, 42, 44, 45). In the study of Irie et al.
the skin punctures were performed by the patients themselves,
although it was not specified whether this was supervised or not
and in which environment (40). Based on a questionnaire taken
by Antunes and colleagues, patients preferred DBS collection
over venous sampling as sampling method for performing TDM
of imatinib (36). Boons et al. examined the feasibility of nilotinib
DBS self-sampling for CML patients in a real home-sampling
context. They concluded that DBS self-sampling is feasible in
clinical practice after giving adequate sampling instructions.
Moreover, the patients believed in the reliability of DBS self-
sampling and considered the sampling easy and not painful. It
should be noted that these authors only reported on the
feasibility of applying such a sampling strategy in a home-
sampling context, actual results from nilotinib concentrations
or a correlation with clinical parameters were not reported (83).
In a very recent study performed by Zimmermann et al., capillary
VAMS samples were successfully collected by either healthcare
professionals or patients at home for the determination of
afatinib, cabozantinib, dabrafenib, trametinib, nilotinib and
ruxolitinib, readily providing a first indication of real-life
applicability (46).

Despite the above-mentioned blood versus plasma
interpretation issues, dried blood microsamples are typically
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taken by finger-prick in the home-environment. This means that
capillary blood is used instead of venous blood, which may give
rise to different concentrations (58). Differences between
capillary and venous blood concentrations can be expected
shortly after administration, during the (absorption and)
distribution phase of the drug (79). Several publications report
a good agreement between concentrations from finger-prick DBS
samples and DBS samples generated by pipetting venous blood
on the card, as exemplified for imatinib (and norimatinib) (39),
pazopanib (38) and R406 (metabolite fostamatinib) (28). This
suggests equivalence between capillary and venous blood
concentrations for these components. However, for most TKIs
such equivalence still needs to be examined.

We are not aware of any method using dried blood
microsamples for TKI quantitation that has been implemented
in routine clinical practice. An important factor that may hamper
such implementation is the additional cost (for the lab) that may
be associated with analyzing dried blood microsamples instead of
conventional liquid blood or plasma samples. Examples of costs
associated with dried blood microsample analysis include: a more
extensive method development and validation, the set-up of
comprehensive sample preparation protocols, shipping costs for
the samples, as well as the cost of the microsampling device itself
and lancets to perform a finger-prick. In this context, an intrinsic
hurdle is often posed by the fact that the analyzing lab itself may
not profit from the advantages (e.g. home-based sampling
overcoming the need to come to a hospital) and cost savings
(e.g. no specialized staff required for sampling) associated with
dried blood microsampling, while being responsible for providing
collection devices (with microsampling devices being more
expensive than regular blood tubes). Furthermore, despite the
above-mentioned methodological aspects inherent to dried blood
microsamples, some other factors could be optimized to allow
smoother implementation in clinical routine. E.g., the availability
of fully automated methods/analyzers that are compatible with the
workflow of clinical labs could help to decrease hands-on time and
increase throughput of dried blood microsamples. Another
example is the set-up of EQC programs enabling accreditation
of lab-developed methods in clinical labs (85).
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CONCLUSIONS/FUTURE PERSPECTIVES

Despite the growing evidence of the relevance for performing
TDM of TKIs in oncology patients, it is still not integrated in the
standards of care. Microsampling can be a useful tool to promote
and further elaborate on studies of TDM of TKIs. Several papers
have already been published in which TKI microsample-based
methods are described, with most of these focusing on DBS.
Despite the many benefits that are associated with the use of
dried blood microsamples, a few issues should be tackled during
method development and validation. Therefore, thorough
optimization and evaluation of microsample-based analytical
methods is essential. In the future, studies should be set up to
confirm exposure-response relationships and to define
therapeutic ranges for all TKIs. Subsequently, the use of TDM
of TKIs in clinical oncology practice must be evaluated. For
implementation of TDM in a home-sampling context, real-life
home-sampling studies must be set up to evaluate the feasibility
in specific oncology patient groups. To date there is no dried
blood microsample-based TKI method used for TDM in routine
yet. While we are on the right track to implement TDM of TKIs
in standard care of oncology patients, we are not there yet, and
using dried blood microsamples can be a useful tool to help to
reach this goal.
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Aim: Clinical utility of doxorubicin (DOX) is limited by its cardiotoxic side effect, and
the underlying mechanism still needs to be fully elucidated. This research aimed to
examine the role of (pro)renin receptor (PRR) in DOX-induced heart failure (HF) and its
underlying mechanism.

Main Methods: Sprague Dawley (SD) rats were injected with an accumulative dosage of
DOX (15 mg/kg) to induce HF. Cardiac functions were detected by transthoracic
echocardiography examination. The levels of lactate dehydrogenase (LDH) and creatine
kinase (CK) in serum were detected, and oxidative stress related injuries were evaluated.
Furthermore, the mRNA expression of PRR gene and its related genes were detected by
real-time PCR (RT-PCR), and protein levels of PRR, RAC1, NOX4 and NOX2 were
determined by Western blot. Reactive oxygen species (ROS) were determined in DOX-
treated rats or cells. Additionally, PRR and RAC1 were silenced with their respective
siRNAs to validate the in vitro impacts of PRR/RAC1 on DOX-induced cardiotoxicity.
Moreover, inhibitors of PRR and RAC1 were used to validate their effects in vivo.

Key Findings: PRR and RAC1 expressions increased in DOX-induced HF. The levels of
CK and LDH as well as oxidative stress indicators increased significantly after DOX
treatment. Oxidative injury and apoptosis of cardiomyocytes were attenuated both in vivo
and in vitro upon suppression of PRR or RAC1. Furthermore, the inhibition of PRR could
significantly down-regulate the expressions of RAC1 and NOX4 but not that of NOX2,
while the inhibition of RAC1 did not affect PRR.

Significance: Our findings showed that PRR inhibition could weaken RAC1-NOX4
pathway and alleviate DOX-induced HF via decreasing ROS production, thereby
suggesting a promising target for the treatment of DOX-induced HF.
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INTRODUCTION

Doxorubicin (DOX) is a classical anthracyclines chemotherapeutic
drug with wide clinical utility for acute leukemia, breast cancer,
lymphoma, and ovarian cancer (1, 2). However, most patients
receiving DOX chemotherapy are prone to develop acute,
subacute, early or late cardiotoxicity (3, 4). DOX-induced
serious cardiovascular complications mainly include
hypotension, tachycardia, arrhythmia, ventricular dysfunction,
and heart failure (HF) (4–7). Among them, HF is the most
serious side effect which lead to a 3.5-fold increased mortality
risk comparing to another idiopathic cardiomyopathy. The HF
caused by DOX is dose-dependent, and its incidence increased to
48% as the lifetime accumulation dose of DOX increases to 700
mg/m2 (8, 9). This toxicology may lead to premature morbidity
and even death among those cancer survivors (9). But the
treatment to DOX-induced HF is still limited at present and the
mechanism still need to be fully elucidated.

Several studies suggest that DOX-induced myocardial
damage involved in numerous alterat ions, such as
mitochondrial injury, DNA damage, lipid peroxidation,
Frontiers in Oncology | www.frontiersin.org 2236
mitochondrial injury, autophagy, oxidative stress, and
apoptosis (2, 10). It is widely accepted that oxidative stress is a
critical process in the development of DOX-induced HF (2, 11).
DOX intake produces massive amounts of reactive oxygen
species (ROS), thereby resulting in the impairment of
mitochondrial function and damage to cells (12, 13). As a
consequence, inhibiting oxidative stress might serve as a
promising preventive measure against DOX-induced HF;
however, the underlying mechanism of DOX-triggered
oxidative injury remains unknown.

The (pro)renin receptor (PRR), also called APT6AP2, is a
crucial modulators of ROS production (14, 15). By binding to
pro-renin and renin, PRR has been shown to activate the rennin-
angiotensin pathway and the binding process triggers the
receptor itself, which is involved in a variety of intracellular
physiological processes (11, 14, 16). Recently, PRR is thought to
play a crucial role in heart diseases. Mahmud et al. reported
overexpression of PRR in myocardial infarction animal models
or the biopsy samples obtained from patients with dilated
cardiomyopathy (17). And a previous study showed that
overexpression of PRR in mice heart leads to atrial fibrillation
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(18). Besides, PRR-activated Ras-related C3 botulinum toxin
substrate 1(RAC1) in smooth muscle cells may participate in
the pathogenesis of various diseases (19), and the activation of
Rac1 contributes to oxidative stress-related injury in the
myocardium (20). However, it is unclear whether PRR play a
role in the DOX-induced cardiotoxicity. Therefore, the purpose
of the present study was to examine the effects of PRR in DOX-
induced HF and investigate its underlying mechanism.
MATERIALS AND METHODS

Reagents
An antibody directed against PRR (#A6531) was purchased from
ABclonal (Cambridge, MA, USA). Anti-Rac1 antibody
(#AF4200) and NADPH oxidase 4 (NOX4) (#DF6924) were
obtained from Affinity Biosciences (OH, USA). Cleaved-caspase
3 (#9664) was procured from Cell Signaling Technology (MA,
USA). Anti-GAPDH antibody (Abs132004a) was obtained from
Absin BioscienceInc (Shanghai, China). An in-situ cell death
detection kit (11684817910) (Roche, Penzberg, Germany) was
used to perform the terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling assay (TUNEL) assay.
Rabbit polyclonal antibodies against CD31 were purchased from
Abcam (Cambridge, UK). Dihydroethidium (DHE, D11347) was
purchased from Molecular Probes Invitrogen (Carlsbad, CA,
USA). 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA,
S0033S) was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). The PRR inhibitor, handle
region peptide (HRP), was obtained from Chinapeptides Co. Ltd.
(Shanghai, China). The bicinchoninic acid (BCA) protein assay
kit was obtained from Wuhan Kerui Technology Co. Ltd.
(Wuhan, China). Cell counting kit 8 (CCK-8) was purchased
from Dojindo Molecular Technologies, Inc. (MD, USA). The
detection kits for lactate dehydrogenase (LDH, A020-1-1),
creatine kinase (CK, A032-1-1), and oxidative stress-related
enzymes, such as malondialdehyde (MDA, A003-1-2),
superoxide dismutase (SOD, A001-3-2), glutathione (GSH,
A006-2-1) and glutathione peroxidase (GSH-Px, A005-1-2)
were purchased from the Nanjing Jiancheng Institute of
Biotechnology (Nanjing, China).

Animals and Experimental Protocols
Male Sprague Dawley (SD) rats (SPF Biotechnology Co., Ltd.,
Beijing, China) were reared in specific pathogen-free (SPF)
environment at the Experimental Animal Center of Tongji
Medical College, Huazhong University of Science and
Technology (Wuhan, China). Approval of all the experimental
designs involving animals was granted by the Animal Ethics
Committee of Tongji Medical College, Huazhong University of
Science and Technology (Wuhan, China). After a week of
adaptive feeding, animals in the DOX group were administered
intraperitoneally with DOX at the dose of 2.5 mg/kg over a
period of 2 weeks for an accumulative dosage of 15 mg/kg (21),
whereas control rats were inoculated with an equivalent amount
of 0.9% saline. Then eight days later, an osmotic minipump
(2ML4, Alzet, CA, USA) was implanted subcutaneously for the
Frontiers in Oncology | www.frontiersin.org 3237
infusion of the vehicle and HRP (0.1mg/kg/d for 7 successive
days) under isoflurane anesthesia. NSC23766 (2.5 mg/kg/d) was
administered via an intraperitoneal injection for the same
duration (seven consecutive days) (n=8) (22). Finally,
echocardiography was performed before the rats were
sacrificed. Serum samples were collected, and heart tissues
were immediately excised for further experiments.

Echocardiography
Rats received isoflurane anesthesia and then fixed on a plat
board. Next, trans-thoracic and M-mode echocardiographic
studies were performed using the 25.0 MHz Intelligent color
Doppler echocardiography (EPIQ 7C) platform with L12-3
probes (Philips, Eindhoven, the Netherlands) at the end of the
posttreatment period. Left ventricular functions, including
fractional shortening (FS), left ventricular end-diastolic
diameter (LVEDD), left ventricular ejection fraction (LVEF),
and left ventricular end-systolic diameter (LVESD) was
computed as described previously (23). For all measurements,
an average of 3 successive cardiac cycles was evaluated. The
LVEF was calculated using the following equation: LVEF (%) =
(LVEDV - LVESV)/LVEDV×100%.

Histological Analysis
After sacrificing the rats, their left ventricles were collected and
immediately fixed in 4% buffered paraformaldehyde. After
embedding the heart tissue in paraffin and cutting it into 5
mm-thick slices, hematoxylin and eosin (H&E) staining was
performed to examine the heart pathology. From each section,
images of the heart tissues were captured using an optical
microscope (Olympus, Tokyo, Japan; magnification 200×).
Histopathological analysis was performed for randomly
selected cortical fields and images were examined by a
pathologist who was blinded to the treatment groups.

Detection of CD31+ Cells
The immunohistochemical study was performed as Ammar, H. I.
et al. described (24). After fixed by 10% formalin, cardiac samples
were cut into 5 mm thick sections and air-dried overnight. After
dewaxed in xylene, and rehydrated, the samples were for 15
minutes in antigen retrieval solution. Then the CD31 staining
was performed by using primary antibody and secondary
antibody. Then the sections were incubated with DAB at
room temperature for 10 min. Finally, images were abstained
for each sample using the microscope (Olympus, Japan)
(magnification 400×).

Cell Culture and Treatment
The rat cardiomyoblasts cell line, H9C2, was kindly donated by
Dr. Yang Sun of the Tongji Hospital Affiliated with Tongji
Medical College, Huazhong University of Science and
Technology, (Wuhan, China). In a humid chamber containing
5 percent CO2 and 95 percent oxygen at a temperature of 37°C,
the cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Hyclone, UT, USA) that contained 10
percent fetal bovine serum (FBS, Zhejiang Tianhang
Biotechnology Co., Ltd., Hangzhou, China). H9C2 cells were
April 2022 | Volume 12 | Article 874852
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subsequently plated at a density of 6 × 103 cells/well and
incubated for 24 hours. Next, DOX at varying concentrations
(0-10 mM) was introduced to incubate the cells for 24h, and the
optimal dose of DOX for subsequent analyses was identified.

Cell Viability and Apoptosis Assays
CCK-8 assay kit was employed to measure the viability of the
cells. The H9C2 cells were placed into 96-well plates at a density
of 1×104 cells/well and incubated for 24 hours. Following
treatment, the medium from every well was replenished with
100 mL of DMEM comprising 10 percent CCK-8 reagent.
Subsequently, the cells were subjected to incubation at 37°C for
2 hours. The absorbance of each sample was detected at 450 nm
(Thermo Multiskan MK3 Microplate Reader, Thermo Fisher
Scientific, MA, USA).

Cellular apoptosis assay was performed following a previously
reported procedure (25). Briefly, after washed by PBS for three
times, H9C2 cells were suspended and incubated in buffer with
annexin V in the dark for 10 min. Following that, the H9C2 cells
were incubated once again for 15 minutes using annexin V-
FITC/propidium iodide. Finally, the H9C2 cells were analyzed
utilizing flow cytometry (BD FACSCalibur, CA, USA) and the
apoptosis was determined using FlowJo 10. All assays were
performed in triplicates.

Small Interfering RNA (siRNA) Transfection
H9C2 cells were seeded into 6-well plates for 24h, followed by
incubation overnight at a temperature of 37°C and a CO2

concentration of 5%. Cells were transfected with siRNAs at 50-
70% confluency. For silencing the PRR or RAC1 proteins, H9C2
cells were transfected with siRNAs constructs targeting PRR
(RiboBio; Guangzhou, China) or RAC1 (Sigma-Aldrich, St Louis,
USA.) for 24h before harvest according to the guidelines
provided by the manufacturer. Scrambled siRNA (RiboBio;
Guangzhou, China) was used as the control, and the sequence
of negative control primers used in this study was as follows:
5’!3’: UUCUCCGAACGUGUCACGUTT (100 nM final);
3’!5’: ACGUGACACGUUCGGAGAATT (100 nM final).
Furthermore, the transfection efficiency was analyzed as a
measure of the knockdown.

Real-Time PCR
Quantitative real-time reverse transcription polymerase chain
reaction (RT–PCR) was conducted to verify the changes in
mRNA expressions. Extraction of the total RNA from cardiac
tissues was performed utilizing the TRIzol (Invitrogen, MO, USA)
reagent. Total RNA (1 mg) from each sample was denatured at
65°C for 10 min. Subsequently, the cDNAwas synthesized at 37°C
for 1 h using a cDNA synthesis kit (GeneCopoeia, Rockville, MD,
USA). The 2-△△CT technique was applied to assess relative
levels of gene expressions. Below is a list of the primer sequences
used in the present study: rat PRR (forward 5′-TCTGTTCTCAA
CTCGCTCC C-3 and reverse 5′-TCTCCATAACGCTTCCC
AAG-3′); RAC1 (forward: 5′- CCTGCTCATCAGTTACACG
ACCA-3′, reverse: 5′-GTCCCAGAGGCCCAGATTCA-3′),
Wnt3A (forward: 5′-ACCATGTTCGGGACCTATTCCA-3′,
reverse: 5′-GCCTGTAGCATCTCGCTTCCA-3′); Wnt8A
Frontiers in Oncology | www.frontiersin.org 4238
(forward: 5′-GGAGGCCAGGAGAGATG-3, reverse: 5′-ACGG
AGACCACAAAAGGA-3′), NOX2 (forward: CTGCCAGT
GTGTCGGAATCT

-3′, reverse: 5′-TGTGAATGGCCGTGTGAAGT-3′), NOX4
(forward: 5′- ATGTTGGGCCTAGGATTGTGT -3′, reverse: 5′-
TCCTGCTAGGGACCTTCTGT -3′) and GAPDH (forward 5′-
AAGTTCAACGGCACAGTCAA-3′ and reverse 5′- TCTCGCT
CCTGGAAGATGG -3).

Western Blotting Analysis
The total proteins from the cardiac tissues were homogenized in
RIPA lysis solution that contained the phosphatase inhibitors
and protease. The protein content was detected by performing
BCA protein quantitation assay. Next, SDS-PAGE was used to
isolate the protein samples (40 µg/lane), which were then loaded
onto a PVDF membrane. Following the blocking of the
membrane using 5% non-fatty milk for 1h, it was subjected to
incubation with the corresponding primary antibodies overnight
at 4°C, as follows: GAPDH (1:1000), PRR (1:1,000), RAC1
(1:1,000), NOX2 (1:1,000), NOX4 (1:1,000), Cleaved-caspase 3
(1:1000), and thioredoxin 2 (1:1000). After incubation with
secondary antibodies for 1h, the proteins were visualized on an
ECL detection system (Syngene, UK). GAPDH was utilized to
normalize the band intensity values.

Detection of Serum Biochemical Indexes
In order to measure CK and LDH levels in serum, commercial
kits were utilized in accordance with the manufacturer’s
specifications. Additionally, the GSH-Px, MDA, GSH, and
SOD levels in heart tissues were evaluated in accordance with
the protocols described by the manufacturers.

Measurement of Oxidant Species by DHE
in Tissues or DCFH-DA in Cells
Oxidative stress levels in myocardial tissues, both in vivo and in
vitro were measured as described previously (26). ROS
production was determined by DHE or DCFH-DA staining.
Briefly, after washing with phosphate-buffered saline (PBS), fresh
myocardial tissues were frozen. Subsequently, the myocardial
tissues were dissected into sections (5 mm) and incubated with
DHE or DCFH-DA solution for 30 minutes at a temperature of
37°C. Sections were then rinsed with PBS and incubated with an
anti-fluorescence quenching agent. The fluorescence intensities
of cells and tissue sections were then visualized (excitation
590nm and emission 520 nm) using a fluorescence microscope
(Zeiss AXIO Imager A1m). The fluorescence intensity of samples
was quantified using Image J software (NIH, MD, USA). All tests
were carried out three times.
Evaluating Apoptosis by TUNEL Assay
Apoptosis in cardiac myocytes was evaluated using the TUNEL
assay as the manufacturer’s protocol. After staining with the
TUNEL reagents, the frozen rat heart sections were fixed,
washed, and incubated with proteinase K for 30 minutes.
Then, the sections were subjected to incubation with TdT/
dUTP (1:9) enzyme reaction solution at a temperature of 37°C
April 2022 | Volume 12 | Article 874852
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for 1 hour in darkness, and subsequently, exposed to DAB
solution at room temperature for 10 min. Finally, images were
abstained for each sample using the microscope (Olympus,
Japan; magnification 400×).

Statistical Analysis
All the results from the analyses are expressed as the mean ±
standard error (SEM). All the statistical analyses were conducted
utilizing the Graph Pad Prism 7.0 software (San Diego, CA,
USA). The statistical significance of multiple comparisons was
calculated by two-way ANOVA; the unpaired Student’s t-test
was employed to compare two groups. P < 0.05 or p < 0.01 was
considered to have significance.
RESULTS

Effects of DOX on Rat Heart Tissues
During the experiment, we found that the rats in the DOX
treated group showed inappetence, and less movement, and the
DOX treatment reduced body weight gain in the animals
(Figure 1A). tachypnea as compared to the control.
Transthoracic echocardiography (Figures 1B) showed that
cardiac dilatation was accompanied by cardiac dysfunction in
DOX-treated rats. All the echocardiographic values of the DOX-
treated rats reflected a decline in cardiac functions. LVEF and FS
values decreased markedly, while those of LVESD and LVEDD
increased remarkably after DOX treatment, as indicated by the
M-mode echocardiograms (Figure 1B). Eight days after DOX
injection, their hearts were excised, and H&E staining was
performed. Histological examination suggested that the
myocardial cells of the control rats were carefully organized
and showed no abnormalities, while DOX-treated rats showed
clusters of degenerating cardiomyocytes having extensive
vacuolation and inflammatory infiltration (Figure 1C). As a
marker of angiogenesis, CD31 was widely used in the research
to investigate the microvessel (24) and was reduced significantly
in the DOX treated group (Figure 1D). The cross-sectional areas
(CSA) of cardiomyocytes in the LV increased after DOX
treatment, which suggested the presence of cardiac
hypertrophy in the DOX treated group (Figure 1E). Both CK
and LDH levels increased significantly in the DOX group
(Figures 1F, G). In addition, the levels of MDA in heart
tissues increased remarkably in the DOX-treated rats, while
those of GSH-Px, GSH, and SOD decreased significantly
(Figure 1H). These results indicated that DOX could induce
the HF in rats, and this process may be closely related to the
oxidative damage.

The Protein of PRR and RAC1 Was
Upregulated in DOX-Treated Rats
PRR and its related protein Wnt, RAC1 and NOX are involved in
the cardiac dysfunction (11, 15). In this study, we detected the
mRNA expression of these proteins in the DOX treated rats and
found that DOX significantly affected the PRR mRNA levels,
accompanied by significant upregulation in the expressions of
Frontiers in Oncology | www.frontiersin.org 5239
RAC1, NOX2, and NOX4 (Figure 2A, p < 0.05), but Wnt3A and
Wnt8A were not significantly affected (p > 0.05, Figure 2A).
Furthermore, western blotting showed that the protein levels of
PRR and RAC1 increased significantly by DOX treatment
(Figure 2B), indicating that DOX induced HF was related to
PRR and RAC1 expression.

PRR Inhibition Reduces Oxidative Stress
and Apoptosis in H9C2 Cells Treated
With DOX
H9C2 cells were employed to examine the impacts of PRR and
RAC1 on DOX-induced myocardial cell injury. CCK-8 assay
showed that cell viability reduced significantly in a dosage-
dependent way following the DOX treatment (Figure 3A).
Based on the results of optimization, we used 5 mM DOX to
induce myocardial cell injury in the subsequent experiments. To
further investigate the role of PRR-RAC1 pathway, the PRR-
siRNA was used to silence the expression of the PRR
(Figure 3B). Subsequently, ROS production and cell apoptosis
were tested. As shown in Figure 3C, DOX treatment increased
the ROS levels, and this impact was substantially attenuated by
PRR-siRNA. In addition, flow cytometry suggested that cellular
apoptosis decreased upon PRR-siRNA transfection in DOX-
treated H9C2 cells (Figure 3D). These results demonstrated
that PRR expression was significantly correlated with oxidative
stress damage and cell apoptosis induced by DOX.

Next, we determined the expression of key proteins related to
PRR in H9C2 cells to elucidate their underlying mechanisms. As
shown in Figure 3E, DOX treatment significantly enhanced the
expressions of RAC1, NOX4, NOX2, and cleaved caspase3 in
H9C2 cells in contrast with the control (p < 0.05). These
phenomena were reversed upon PRR silencing (Figure 3E).
Moreover, as compared to the control group, PRR-siRNA
down-regulated the expressions of RAC1 and NOX4 but not
NOX2 in H9C2 cells (Figure 3C) (p < 0.05). Therefore, these
data suggested that PRR could regulate RAC1 expression,
thereby mediating DOX-induced myocardial oxidative
stress injury.

RAC1 Was the Downstream of PRR
RAC1 is required for the activation of the majority of the
myocardial superoxide production complexes for their
subsequent role in the activation of nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase, NOX) (27).
In cardiac hypertrophy (28, 29), hyperglycemia (30), and failing
human myocardium (31), RAC1 plays an important role in
regulating the myocardial superoxide production. Previous
studies also suggest that the activation of RAC1 is involved in
PRR-related myocardium injury (19). To further study the
potential mechanism underlying the regulation of PRR on
RAC1 pathway and the effect of RAC1 on DOX-induced
myocardial cell injury, we silenced the RAC1 expression to
evaluate the expression of relative proteins and oxidative stress
levels in DOX-treated H9C2 cells.

RAC1-siRNA knockdown was used to silence the expression
of RAC1 in H9C2cells. RAC1-siRNA may substantially reduce
April 2022 | Volume 12 | Article 874852
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FIGURE 1 | The impacts of DOX on the rat heart. (A) Daily body weight changes. (B) Representation of M-mode left ventricular (LV) echocardiogram. (B1) Left
ventricular ejection fraction (LVEF), (B2) FS: fractional shortening, (B3) left ventricular end-systolic diameter (LVESD) and (B4), left ventricular end-diastolic diameter
(LVEDD). (C) Representative images of HE-staining of rat heart tissues treated with or without doxorubicin (DOX) for 8 days. The structure of dysregulated myocytes
is marked as thin arrowhead, inflammatory cell infiltration marked as thick arrowhead. Scale bars: 20 mm (center and right panels). (D) Representative photos of
CD31 immunohistochemical staining in each group. Scale bars: 20 mm. (E) Cross-sectional areas (CSA) of cardiomyocytes in the LV. (F, G) Serum levels of LDH and
CK in rats. (H) Determination of MDA, SOD, GSH and GSH-Px in the tissues. Data are presented as the mean ± SEM. *p < 0.05 and **p < 0.01 vs control.
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the protein expression level of RAC1(Figure 4A). As opposed to
the DOX treatment group, NOX4 expressions were also
downregulated after RAC1-siRNA knockdown, however, the
protein level expression of PRR in H9C2 cells was not affected
after RAC1-siRNA transfection (Figure 4A). Combined the
above results (Figure 3), we reasonably concluded that PRR
was upstream of RAC1. As shown in Figure 4B, ROS production
increased after DOX treatment, which was subsequently reversed
by RAC1-siRNA transfection.

Pharmacological Inhibition of PRR/RAC1
Ameliorates DOX-Induced Cardiac
Hypertrophy and Cardiac Dysfunction
To further verify the effect PRR/RAC1 in DOX-induced HF, rats
were treated using the PRR inhibitor HRP, and the RAC1 inhibitor
NSC23766, after the DOX challenge. Cardiac dysfunction induced
by DOX was ameliorated significantly upon treatment with HRP
and NSC23766 (Figure 5). Next, transthoracic echocardiography
showed that inhibition of PRR or RAC1 reversed the abnormal
levels of LVEF, FS, LVESD, and LVEDD after DOX treatment in
rats, thereby suggesting that inhibition of PRR or RAC1 further
ameliorated cardiac dysfunction challenged by DOX in rats
(Figure 5A). As illustrated in Figure 5B, DOX treatment caused
substantial inflammatory, cell infiltration, and pyknosis, which
was improved significantly uponHRP or NSC23766 treatment. To
further investigate the effect of PRR/RAC1 inhibition on vascular
structures, the immunohistochemistry of CD31 was detected. As
shown in Figures 5C, staining for CD31 showed a significant
increase in the number of capillaries after PRR or RAC1 inhibition
in comparison to DOX treated rats. Moreover, CSA of
cardiomyocytes in the LV region decreased by DOX treatment
and could be partly reversed by treatment with HRP or NSC23766
(Figure 5D). Both the increased CK and LDH levels were
downregulated by PRR or RAC1 inhibition (Figures 5E, F).
Taken together, these findings suggested that abnormal
Frontiers in Oncology | www.frontiersin.org 7241
expression of PRR/RAC1 was related to the pathogenesis of
cardiac hypertrophy and cardiac dysfunction in DOX induced HF.

Pharmacological Inhibition of PRR/RAC1
Ameliorates ROS Production and
Apoptosis in Rats With DOX-Induced HF
Next, we assessed the impact of PRR/RAC1 inhibition on
oxidative stress levels and apoptosis in DOX-induced HF rats.
In addition to alleviating the pathology reconstruction, HRP or
NSC237666 could reduce the production of superoxide radicals
induced by DOX (Figures 6A, B). Thus, these results indicated
that PRR or RAC1 inhibition could significantly alleviate DOX-
induced oxidative damage in vivo. To reliably evaluate cardiac
cell damage and recovery in DOX-related HF, TUNEL staining
was used to test the cytotoxicity and visually evaluate the effects
of HRP and NSC23766. As illustrated in Figure 6C, the
proportion of TUNEL positive cells increased markedly after
DOX treatment, thereby indicating the occurrence of cell
apoptosis of myocardial cytotoxicity. In contrast, both HRP
and NSC23766 could alleviate cardiomyocytes from apoptosis
to some extent. Taken together, these results indicated that
inhibition of PRR or RAC1 could significantly protect the
heart tissues from HF. Western blotting also showed that
treatment with HRP or NSC23766 inhibited the DOX-related
activation of PRR or RAC1, respectively (Figure 6D). Moreover,
PRR remained unaffected in NSC23766-treated rats. In addition,
the increased expression of cleaved caspase3 was reversed upon
inhibition of PRR or RAC1.
DISCUSSION

Since the late 1960s, DOX has been widely used in acute
leukemia, breast cancer, lymphoma, ovarian cancer treatment
(32). Unfortunately, the cardiotoxicity of DOX can lead to
A B

FIGURE 2 | Doxorubicin treatment increases the mRNA/protein expression of PRR and RAC1. (A) RT-qPCR assay to evaluate the mRNA levels of PRR, Wnt3A,
Wnt8a, RAC1, NOX2 and NOX4 in heart tissues (n = 3). (B) Western blotting and statistical analysis of the (pro)renin receptor (PRR) protein expression(n = 3). Data
are presented as the mean ± SEM. **p < 0.01 vs control.
April 2022 | Volume 12 | Article 874852

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Du et al. PRR Inhibition Alleviates Doxorubicin-Induced-HF
A

C

D

E E1

E3 E4

E2

B

FIGURE 3 | PRR inhibition downregulated the overexpression of oxidant species and apoptosis in H9C2 cells treated with doxorubicin. (A) Cell viability of H9C2
cells treated with Doxorubicin (DOX) treated at different concentrations (0–10 mM). (B) The protein expression of PRR downregulated by PRR-siRNA in H9C2 cells.
(B1) Quantification of PRR/GAPDH protein expression levels relative to changing PRR expression. (C) Representative oxidative stress based on DHE relative
fluorescence intensity of H9C2 cells. (D) Flow cytometry shows that PRR expression is directly related to cell apoptosis in doxorubicin (DOX)-treated H9C2 cells. (E)
The protein expression of RAC1, NOX2, NOX4, and cleaved caspase3 was regulated by PRR inhibition in H9C2 cells. (E1)-(E4) Quantification of RAC1/GAPDH,
NOX2/GAPDH, NOX4/GAPDH, and cleaved caspase3/GAPDH protein expression levels relative to changing PRR expression. (*p < 0.05, **p < 0.01 vs the control
group. #p < 0.05, ##p < 0.01vs DOX group).
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structural and functional changes of heart and even HF (26, 33).
Several studies suggest that the underlying mechanism of DOX-
induced heart injury is correlated with the level of oxidative
stress (34–36), however, the potential specific mechanisms
underlying DOX-triggered oxidative injury remain unknown.

PRR is a receptor that consists of 350 amino acids residues
and performs multiple functions (11). Recent studies showed
that PRR plays an important role in a variety of myocardial
diseases. In an earlier research report, PRR was suggested to be
related to myocardial remodeling after in situ injection of the
PRR gene into the heart (37). In the hearts of rats with diabetes,
both PRR mRNA and protein level expressions showed a marked
Frontiers in Oncology | www.frontiersin.org 9243
increase, thereby aggravating myocyte hypertrophy and
deterioration of cardiac function (38). In post-myocardial
infarction heart, PRR exacerbates myocardial fibrosis and
deteriorates the cardiac function independent of Ang II (39).
But the role of PRR in the DOX induced HF is still unknown. In
the current study, we found that DOX stimulated severe
myocardial dysfunction and oxidative injury along with PRR
overexpression in rats. Our in vivo experiments also suggested
that silencing of PRR could alleviate DOX-related endothelial
injury and then heart injury via reducing oxidative stress
(Figure 5). Therefore, these evidence suggested that PRR
played a critical role in DOX-induced HF.
A A1

A3 A4

B

A2

FIGURE 4 | The effect of RAC1 inhibition on the regulation of ROS-related protein levels in doxorubicin (DOX)-treated H9C2 cells. (A) Protein expressions of PRR, RAC1,
NOX4 and cleaved Caspase3 after RAC1 inhibition in H9C2 cells. (A1)-(A4) Quantification of PRR/GAPDH, RAC1/GAPDH, and NOX4/GAPDH levels with a change in RAC1
expression. (B) Representative oxidative stress levels as determined by the DCFH-DA assay. (**p < 0.01 vs the control group. ##p < 0.01 vs DOX group).
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FIGURE 5 | Therapeutic effect of PRR/RAC1 inhibition on doxorubicin-induced HF in rats. Protective effects of pharmacological (pro)renin receptor (PRR) inhibition on
doxorubicin (DOX)-induced cardiac hypertrophy and dysfunction. (A) Representative M-mode left ventricle (LV) echocardiogram. (A1) Left ventricular ejection fraction (LVEF).
(A2) Fractional shortening (FS); (A3) left ventricular end-systolic diameter (LVESD). (A4) left ventricular end-diastolic diameter (LVEDD). (B) Representative photomicrographs of
hematoxylin-eosin stained left ventricle (LV) sections. The structure of dysregulated myocytes is marked as thin arrowhead, inflammatory cell infiltration marked as thick
arrowhead. (C) Representative photos of CD31 immunohistochemical staining in each group. Scale bars: 20 mm. (D) Cross-sectional areas (CSA) of cardiomyocytes in the LV.
(E, F) Serum levels of LDH and CK in rats. Data are presented as the mean ± SEM. *p < 0.05 and **p < 0.01 vs control; #p < 0.05, ##p < 0.01 vs the DOX group.
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FIGURE 6 | Effects of handle region peptide (HRP) and RAC1 inhibitor, NSC23766 (NSC) on ROS production and cardiotoxicity in doxorubicin (DOX)-induced HF rats. (A)
Representative photomicrographs of DHE stained of the LV. (B) Determination of MDA, SOD, GSH, and GSH-PX in heart tissues. (C) Representative photomicrographs of
TUNEL stained LV sections, where blue fluorescence denotes the position of the nucleus and green fluorescence denotes apoptotic cells; Scale bars, 50 mm. (D) The protein
expressions of PRR, RAC1, NOX4 and cleaved caspase3 in the hearts of doxorubicin (DOX)-treated rats. (D1)-(D4) Statistical analysis of the protein expressions of PRR,
RAC1, NOX4 and cleaved caspase3 (C-Casp3); GAPDH was used as the loading control. The bar graph shows the results of densitometric analysis (n = 3 per group). Data
are presented as the mean ± SEM, *p < 0.05 and **p < 0.01 vs control; #p < 0.05 vs the DOX group, ##p < 0.01 vs the DOX group.
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PRR can function as an accessory subunit linking the vacuolar
proton pump, V-ATPase, and the low-density lipoprotein
receptor-related protein 6 (LRP6), a coreceptor of Wnt
receptor (40, 41). Recent studies found that PRR is involved in
the transduction of various signals through the classic Wnt
signaling pathway and exacerbates kidney damage by
amplifying the Wnt signaling cascade (40, 41). However, the
mRNA expressions of Wnt3A andWnt8A did not increase in the
DOX-induced HF in our study. Therefore, PRR may play roles
via other mechanisms underlying DOX-induced HF.

As a critical functional constituent of the local tissue RAS, the
pathophysiological roles of PRR have been widely studied.
Previous study showed that prorenin induced cytoskeleton
reorganization by activating the intracellular RAC1 (19). RAC1
inhibition is found to be relevant to the cardioprotective effects of
lovastatin in mice (42). Our research also showed that the RAC1
expression was increased accompanied with PRR overexpression.
Both in vitro and in vivo findings showed that the RAC1
inhibition was effective in alleviating oxidative stress in cardiac
cells, thereby resulting in an attenuation of cardiac hypertrophy
and dysfunction. Moreover, the inhibit ion of PRR
downregulated the expression of RAC1, however, the
inhibition of RAC1 did not significantly affect the expression
of PRR (Figures 4, 6), thereby suggesting a pathological role of
PRR-mediated RAC1 activation in DOX-induced HF.

By binding to guanosine triphosphate (GTP) and migrating to
the membrane with a core cytosolic complex, RAC1 is required
for the activation of NOX, the leading source of superoxide
production complex in the myocardium (27, 43). NOX–derived
ROS plays a crucial role in several cardiovascular diseases (11,
44–46). With respect to all the isoforms of NOX, NOX4 and
NOX2 are the major isoforms in the myocardium and play
different roles in cardiac injury: NOX2 is primarily localized on
the plasma membrane, whereas NOX4 is found primarily on
intracellular membranes, mitochondria, the endoplasmic
reticulum or the nucleus (47–49). A previous study indicates
that NOX4 is the leading source of ROS production in a failing
heart (50). In our study, both NOX2 and NOX4 expressions were
upregulated in DOX-treated rats, thereby suggesting their role in
the pathological processes. These findings were consistent with
the previously published results (32). Whereas the suppression of
PRR downregulated NOX4 but not NOX2 expression
(Figure 3C), we thus reasonably suggest the presence of
another pathway apart from PRR-RAC1 in NOX2 regulation
which needs further study. In a study by PAN L L et al.,
knockdown of NOX4 was shown to attenuate myocardial
fibrotic responses and intercellular ROS generation in cardiac
Frontiers in Oncology | www.frontiersin.org 12246
fibroblasts (51). We found PRR or RAC1 inhibition reduced
NOX4 expression both in vitro and in vivo, which suggested a
critical function of NOX4 in the PRR-RAC1 pathway in DOX-
related HF. These data suggested that the elevated PRR in DOX-
induced HF rats might activate NOX4 via the RAC1 pathway,
and subsequently aggregate oxidative injury.
CONCLUSION

In conclusion, we found that PRR plays an important role in
DOX-induced HF, and cardiac function significantly improved
upon the inhibition of PRR or its downstream RAC1, as
indicated by the improvement in the levels of oxidative stress
and histopathological changes. Thus, our findings suggested a
candidate treatment approach for attenuating oxidative stress,
thereby mitigating myocardial damage during DOX treatment.
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Acute promyelocytic leukemia (APL) is extremely fatal if treatment is delayed. Management
of APL in pregnancy is a challenging situation. Arsenic trioxide (ATO) is successfully
applied to treat APL. ATO can be transformed into different arsenic species [arsenite (AsIII),
monomethylated arsenic (MMA, consists of MMAIII and MMAV), dimethylated arsenic
(DMA, consists of DMAIII and DMAV), and arsenate (AsV)], which produce different toxic
effects. Investigating the maternal and fetal exposure to arsenic species is critical in terms
of assessing maternal and fetal outcomes, choice of optimal treatment, and making
decisions for attempting to preserve the obstetrical and fetal wellbeing. In this study,
maternal blood and amniotic fluid (AF) from APL patients treated with ATO in pregnancy
and blood samples of non-pregnant patients were collected. Concentrations of inorganic
arsenic (iAs, iAs = AsIII+AsV), MMA, and DMA were analyzed by high-performance liquid
chromatography–hydride generation–atomic fluorescence spectrometry (HPLC–
HG–AFS). The difference in arsenic species of plasma between pregnant patients and
non-pregnant patients, distribution of arsenic compounds in AF and maternal plasma, and
arsenic penetration into AF were explored. The outcomes of pregnant women treated with
ATO and their fetus were analyzed. No significant differences in arsenic concentration,
percentage, and methylation index [PMI: primary methylation index (MMA/iAs); SMI:
secondary methylation index (DMA/MMA)] between pregnant women and non-
pregnant women (p > 0.05) were observed. The mean ratios of AF to maternal plasma
were as follows: iAs, 2.09; DMA, 1.04; MMA, 0.49; and tAs, 0.98. Abortion rate is higher
with the diagnosis at an earlier gestational age, with 0%, 67%, and 100% of pregnancies
ending in abortion during the third, second, and first trimester, respectively. The age of the
pregnant women, the dose of ATO, and the duration of fetal exposure in utero had no
influence on fetal outcomes. All APL women achieved complete remission (CR).
Collectively, ATO and its metabolites can easily cross the placenta. Levels and
distribution of arsenic species in maternal plasma and AF gave evidence that arsenic
species had a different ability to penetrate the placenta into AF (iAs > DMA > MMA) and
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indicated a relatively high fetal exposure to ATO and its metabolites in utero. Gestational
age at diagnosis was more likely to be closely related to fetal outcomes, but had no effects
on mother outcomes.
Keywords: acute promyelocytic leukemia, pregnancy, arsenic trioxide, arsenic species, amniotic fluid, arsenical
penetration, fetal arsenic exposure
INTRODUCTION

Acute promyelocytic leukemia (APL) is a special subtype of acute
myeloid leukemia. APL is characterized by life-threatening bleeding
complications, which is extremely fatal if treatment is delayed.
Arsenic trioxide [ATO, arsenite (AsIII) in solution] has been shown
to be highly effective forAPL by PML/RARa targeting therapy (1, 2).
ATO is recommended in the treatment of both relapsed and newly
diagnosed patients (3, 4). APL in pregnancy presents extreme
challenges to clinicians with currently limited evidence-based
information available. Arsenic is known to be toxic. Understanding
the link between maternal and fetal exposure to ATO is critical in
terms of choice of optimal treatment and making decision for
attempting to preserve the obstetrical and fetal wellbeing.

Published data on the reproductive toxicity of arsenic are
limited, which are often restricted to animal studies or
environmental exposure. Studies in pregnant animals have
shown that exposure to arsenic can result in spontaneous
abortion, fetal malformations, and birth defects, which are
dose- and time-dependent (4–6). With regard to humans, a
few studies were conducted in populations exposed to arsenic
from environmental contaminants. Chronic exposure to
environmental arsenic has been associated with spontaneous
abortion, stillbirth, preterm birth, and neonatal death (7, 8).
The mechanisms are poorly understood. Several reports have
shown that exposure to arsenic during pregnancy can lead to
oxidative stress and inflammation in the placenta and anomalous
placental vasculogenesis, which affect pregnancy outcomes like
preterm delivery (6, 9).

Arsenic can be metabolized from inorganic arsenic [iAs,
arsenite (AsIII) and arsenate (AsV)] to monomethylated arsenic
(MMA, consists of MMAIII and MMAV) and dimethylated
arsenic (DMA, consists of DMAIII and DMAV) by a sequence
of reductions and oxidative methylations (10–12). AsIII and AsV

undergo interconversion through natural oxidation and
reduction by arsenate reductase (10, 11). The toxicities of
different arsenic compounds vary and depend on their valency
and concentration (10, 13). The gestation period is one of the
most vulnerable periods of human development. Therefore, the
evaluation of concentrations and the distribution of arsenic
species in APL patients treated with ATO in pregnancy are
critical to assess maternal and fetal outcomes in particularly
challenging situations. However, no report on arsenic species
measurement during pregnancy in APL patients is available.
Placenta is important to fetus health, which serves as a protective
shield between the fetus and harmful substances in maternal
body. Although rarely investigated, some studies have
demonstrated that arsenic can pass through the human
2250
placenta (14, 15), yet in utero fetus exposure to arsenic species
during pregnancy in APL patients has not been studied.

Amniotic fluid (AF) plays a central role in quantifying the extent
of transplacental passage and evaluating the accumulation of a drug
in AF, which ultimately provides insight into the in utero drug
exposition of the fetus. In this study, high-performance liquid
chromatography–hydride generation–atomic fluorescence
spectrometry (HPLC–HG–AFS) was used to determine the
concentrations of iAs (AsIII and AsV), MMA (MMAIII and
MMAV), and DMA (DMAIII and DMAV) in AF and maternal
plasma of pregnant APL patients treated with ATO. The
distribution of ATO and its metabolites in AF, arsenic species
penetration into AF, and the difference in arsenic species of plasma
between pregnant patients and non-pregnant patients were explored
for the first time. In addition, the safety of ATO in pregnant patients
with APL was assessed based on data of this study and
previous reports.
PATIENTS AND METHODS

Patients
This single-center, open-label study was approved by the First
Affiliated Hospital of Harbin Medical University Ethics
Committee. All patients with APL who were treated with ATO
monotherapy in pregnancy were included. For comparison, non-
pregnant women with APL who were treated with ATO
monotherapy were also taken into this study. The subjects
were tested only after written informed consent was obtained.
Patients with liver or kidney failure were excluded. The follow-up
was performed for the pregnant women who agreed.

Sample Collection and Determination
Blood samples from pregnant and non-pregnant women patients
at the time of trough concentration (Ctrough) were collected just
before (within 30 min) the start of daily administration when
ATO was continuously administered for >7 days. Maternal
venous blood samples were also obtained immediately after
delivery. As soon as the sample was collected, blood plasma
was separated immediately by centrifugation at 4,000 rpm for
5 min at 4°C. If the collection did not interfere with the clinical
management, AF samples were collected using a sterile 30-cc
needleless syringe after rupture of membranes. All samples were
immediately frozen at −80°C until analysis. The analysis of
arsenic species in AF and plasma was performed by HPLC–
HG–AFS (LC-AFS 6500, Beijing Haiguang Instruments Co., Ltd.,
China) (11, 16). The concentrations of arsenic compounds were
expressed as the concentrations of the arsenic element (As).
May 2022 | Volume 12 | Article 887026
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Sample Preparation
AF or plasma sample (240 ml) was mixed with 120 ml of 30%
H2O2, which was thoroughly vortex-mixed and kept at room
temperature overnight. The 360-ml sample was prepared with 40
ml of HClO4 (20%) for deproteinization, followed by vortex for
60 s. The mixture was then centrifuged at 15,000 rpm for 15 min
at 4°C. The supernatant (100 ml) was injected into the HPLC–
HG–AFS system for determination.

Case Review
To better understand how to manage APL with ATO treatment in
pregnancy, we searched the PubMed, Web of Science, CNKI
(China), and Wanfang Data (China) database (2009–2022) for
articles about maternal and fetal outcomes resulting from APL
patients with ATO treatment during pregnancy. Information on
patient age, APL risk score, gestational age at diagnosis, treatment
program, dose of ATO, duration of fetal exposure in utero to ATO,
therapy outcome of APL, gestational age at delivery/abortion,
delivery method, and fetal outcome was reviewed and investigated.

Statistical Analysis
Data analysis was performed with GraphPad Prism, version
5.0. A p-value <0.05 was considered statistically significant.
RESULTS

Patients
Eight plasma samples from 3 pregnant patients (P1–P3) and 5
non-pregnant patients (P4–P8) treated with ATO monotherapy
were collected on day 8 after ATO administration. At the time of
delivery, maternal plasma and AF samples were obtained from 2
Frontiers in Oncology | www.frontiersin.org 3251
pregnant patients (P1 and P2), but not from patient P3. In this
study, 3 pregnant patients and 5 non-pregnant patients, aged
from 26 to 38 (32 ± 4) years, were given ATO at a dose of 0.16–
0.17 mg/kg once daily. ATO infusion was administered at a
continuous slow rate (16, 17). The patients were also given
transfusions of platelets, fibrinogen, and erythrocyte. No
patients discontinued the treatment of ATO during the
therapy. After the treatment, all the patients were negative for
PML-RARa; fusion transcripts and achieved molecular and
hematologic complete remission (CR). Clinical characteristics
of these patients are presented in Table 1. Fetal outcomes of 3
pregnant women are presented in Table 4. Patient P1 and P2 did
not accept follow-up. Patient P3 had completed her treatment.
The treatment since 2016 has been induction with ATO
monotherapy followed by 20 consolidation and maintenance
cycles with ATO monotherapy (0.16–0.17 mg/day for 28 days).
During the whole treatment phase, the patient showed no
complication. The baby’s growth and development were normal.

Separation of Arsenic Species
Figure 1 shows the representative HPLC–HG–AFS chromatograms
of blank plasma, plasma spiked with standard arsenic compounds,
plasma sample from a patient with APL, and AF sample from a
patient with APL. The DMA, MMA, and iAs in samples and the
spiked arsenic standards have the same chromatographic behavior.
The interfering peaks from endogenous matrix components were
not observed at the retention time.

Arsenic Species in Plasma of Pregnant
and Non-Pregnant Women
Arsenic concentrations of plasma were determined in 8 APL
patients treated with ATO. The Ctrough, percentage, and
TABLE 1 | Baseline characteristics and therapy outcome of patients in this study.

Pregnant patients Non-pregnant patients

P1 P2 P3 P4 P5 P6 P7 P8

Age (years) 29 31 34 26 37 34 38 29
WBC count (×109/L) 6.48 9.58 6.32 15.33 1.14 2.60 2.05 0.62
Hemoglobin (g/L) 32.00 97.60 102.60 52.00 53.00 70.20 80.28 95.01
Platelet count (×109/L) 30.00 66.70 18.07 14.00 44.00 79.00 59.09 130.80
PT (s) 13.3 12.90 15.10 13.80 12.70 20.70 12.60 12.10
APTT (s) 26.8 28.50 23.30 25.60 28.30 29.50 24.20 25.50
FIB (g/L) 0.76 1.56 0.90 1.34 2.73 0.48 0.94 1.89
TT (s) 19.7 14.80 16.30 14.80 15.20 21.80 18.60 15.20
DD (mg/L) 5.29 9.05 6.69 7.16 8.24 19.87 5.40 8.32
ALT (U/L) 20.10 31.00 28.00 58.00 13.00 20.10 62.00 6.60
AST (U/L) 19.90 22.00 17.00 45.00 8.00 22.90 41.00 11.70
GGT (U/L) 7.40 75.00 43.00 17.00 21.00 18.50 25.00 12.40
TBIL (µmol/L) 8.10 9.87 9.06 13.12 13.10 18.30 17.46 10.20
BUN (mmol/L) 3.39 4.22 1.87 3.38 3.04 5.32 4.08 3.41
Creatinine (µmol/L) 38.2 69.70 50.30 49.60 55.80 69.60 57.10 58.20
Magnesium (mmol/L) 0.74 0.90 0.85 0.87 0.82 0.80 0.74 0.78
Potassium (mmol/L) 3.53 4.08 3.57 3.72 3.57 4.04 3.79 3.66
PML-RARA Positive Positive Positive Positive Positive Positive Positive Positive
Therapy outcome CR CR CR CR CR CR CR CR
May 2022 | Vo
lume 12 | Article
PT, prothrombin time; APTT, activated partial thromboplastin time; FIB, fibrinogen; TT, thrombin time; DD, D-Dimer; ALT, alanine transaminase; AST, aspartate aminotransferase; GGT, g-
glutamyl transpeptidase; TBIL, total bilirubin; BUN, blood urea nitrogen; CR, complete remission.
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methylation index [PMI: primary methylation index (MMA/iAs);
SMI: secondary methylation index (DMA/MMA)] of arsenic
species in plasma from pregnant and non-pregnant women are
summarized in Table 2. The mean arsenic Ctrough in plasma from
pregnant women (n = 3) was 17.31 ng/ml for iAs (range: 14.13–
19.14 ng/ml), 24.01 ng/ml for DMA (range: 16.89–28.65 ng/ml),
23.42 ng/ml for MMA (range: 13.60–22.42 ng/ml), and 64.74 ng/ml
for tAs (total arsenic, tAs = iAs + DMA + MMA) (range: 54.53–
78.26 ng/ml). For non-pregnant women (n = 5), the mean arsenic
Ctrough in plasma was 16.53 ng/ml for iAs (range: 9.83–20.14 ng/ml),
18.19 ng/ml for DMA (range: 9.19–23.28 ng/ml), 18.41 ng/ml for
MMA (range: 15.35–21.84 ng/ml), and 53.13 ng/ml for tAs (range:
44.67–58.87). There were higher arsenical concentrations in the
plasma of pregnant women than that of non-pregnant women.
However, no significant differences in Ctrough levels of arsenic
species, percentage (iAs%, DMA%, and MMA%), and
methylation index (PMI and SMI) between the two sets were
observed (p > 0.05).

Comparisons of Arsenic Species in AF
With That in Maternal Blood
Arsenical concentrations in maternal plasma and AF of 2
pregnant patients at the time of delivery (4–6 days after the
end of ATO treatment) were determined. The arsenic
Frontiers in Oncology | www.frontiersin.org 4252
concentration of AF/maternal plasma ratio was calculated to
reflect the AF penetration efficiency for arsenic compounds. The
arsenic species concentrations, percentage, and methylation
index in AF and maternal plasma and penetrations (AF
concentration/maternal plasma concentration) in AF of
pregnant patients are shown in Table 3. For the 2 pregnant
patients, the mean iAs, DMA, MMA, and tAs concentrations of
AF were 5.71 ng/ml, 8.98 ng/ml, 3.57 ng/ml, and 18.25 ng/ml,
respectively. The overall concentration distribution trend in AF
of the patients was DMA > iAs > MMA. The mean iAs, DMA,
MMA, and tAs concentrations of AF/maternal plasma ratios
were 2.09, 1.04, 0.49, and 0.98 after the end of induction therapy,
respectively. The higher iAs levels in AF than that in maternal
plasma from pregnant patients treated with ATO were observed.
The iAs and DMA tended to exhibit higher penetrations into AF
than MMA. The overall trend of penetration into AF of arsenic
species in the 2 patients was iAs > DMA > MMA, which was
different from the trend of DMA > MMA > iAs in
maternal plasma.

Case Review
We performed a systematic retrospective review to analyze the
outcomes reported for both mother and fetus when APL is
diagnosed and treated with ATO during pregnancy. Literature
A B DC

FIGURE 1 | Representative HPLC-HG-AFS chromatograms: drug-free plasma (A); drug-free plasma spiked with standards of arsenic species (B); plasma sample
from a patient with APL (C), and amniotic fluid sample from a patient with APL (D). HPLC–HG–AFS: high-performance liquid chromatography–hydride generation–
atomic fluorescence spectrometry; iAs: inorganic arsenic; MMA: monomethylarsonic acid; DMA: dimethylarsinic acid.
TABLE 2 | The Ctrough, percentage, and methylation index of arsenic species in plasma from pregnant and non-pregnant women treated with arsenic trioxide (ATO),
mean (range).

iAs DMA MMA tAs PMI SMI

Pregnant patients
(n = 3)

Ctrough (ng/ml) 17.31 (14.13–19.14) 24.01 (16.89–28.65) 23.4 2 (13.60–
22.42)

64.74 (54.53–78.26)

Percentage
(%)

26.74 (23.00–34.21) 37.08 (30.98–46.64) 36.18 (30.36–
41.71)

Methylation
index

1.35
(1.02–1.71)

1.02
(0.81–1.54)

Non-pregnant
patients
(n = 5)

Ctrough (ng/ml) 16.53 (9.83–20.14) 18.19 (9.19–23.28) 18.41 (15.35–
21.84)

53.13 (44.67–58.87)

Percentage
(%)

31.11 (19.38–45.08) 34.24 (20.57–45.9) 34.65 (26.58–
40.86)

Methylation
index

1.11 (0.76–
1.79)

0.99 (0.60–
1.71)
May 2022 | V
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Ctrough, trough concentration; iAs, inorganic arsenic; MMA, monomethylarsonic acid; DMA, dimethylarsinic acid; tAs, total arsenic, tAs = iAs + DMA + MMA. Percentage (%).
(Concentrations of arsenic species/Concentration of tAs) × 100%. PMI, primary methylation index (MMA/iAs); SMI, secondary methylation index (DMA/MMA).
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databases were systematically searched to identify studies
reporting cases of ATO treatment during pregnancy. Eighteen
published articles met the eligibility criteria. The extracted data
from the selected articles are presented in Table 4. A total of 28
APL patients from literature were eligible for ATO therapy in
pregnancy, with most of them being treated with ATO plus all-
trans retinoic acid (ATRA) (n = 12, 43%) or ATO plus ATRA
combined with chemotherapy (n = 15, 54%), while the remaining
patients received ATO monotherapy (n = 1, 14%). All patients
achieved CR during pregnancy or after delivery (100%). The age
of women (n = 18) who experienced spontaneous or induced
abortion was 27.8 ± 2.8 years, which was not significantly
different from the age (28.0 ± 4.7 years) of women (n = 10)
who delivered normal babies. The mean dose of ATO and
duration of fetal exposure in utero to ATO of women who
experience spontaneous or induced abortion were lower than
that of women who delivered normal babies, 258 mg (n = 5) vs.
398 mg (n = 5) and 31.6 days (n = 17) vs. 40.2 days (n = 9),
respectively. Evidently, apart from mother age, fetal viability is
not related to dose of ATO and duration of fetal exposure in
utero to ATO.

For the pregnant women diagnosed with APL in the first
trimester, all of them (n = 10, 100%) experienced spontaneous or
induced abortion. For the ones diagnosed with APL during the
second trimester, 8 of 12 (67%) patients’ gestation ended in
abortion. The remaining 4 (33%) women who were diagnosed
with APL during the second trimester continued gestation until
delivery of healthy infants by vaginal delivery or cesarean section.
For the APL patients during the third trimester, all pregnancies
(n = 6, 100%) delivered normal babies. APL patients treated with
ATO during the first trimester were more susceptible to
spontaneous and induced abortion compared with those
during the second trimester and the third trimester (100% vs.
67% and 100% vs. 0%) (p < 0.0001). Thus, gestational age at
Frontiers in Oncology | www.frontiersin.org 5253
diagnosis was instead crucial in fetal outcomes. In these cases, an
interesting case should be paid attention to (26). A 22-year-old
woman was diagnosed with APL at only 14 weeks of gestation.
The fetus received a total exposure to ATO of 93 days and 930
mg. A healthy infant was delivered at 406+ weeks, and the mother
achieved CR.

For the 3 patients in this study, information on APL risk
score, gestational age at diagnosis, treatment program, dose of
ATO, duration of fetal exposure in utero to ATO, therapy
outcome of APL, gestational age at delivery/abortion, delivery
method, and fetal outcome was also investigated. As presented in
Table 4, 3 patients received ATO monotherapy (100%), which is
different from that in previous reports. The gestation of 2
pregnant women diagnosed with APL during the second
trimester ended in abortion. The APL patient during the third
trimester delivered a normal baby. The fetal outcomes in the 3
cases seemed to be in accord with the above characteristics; that
is to say, gestational age at diagnosis was instead crucial in
fetal outcomes.
DISCUSSION

ATO has been successfully used for front-line treatment of APL
(36). As a well-known poison, ATO treatment for APL during
pregnancy is a significant challenge, which is associated with
emergency treatment for APL, fetal exposure to arsenic, and
pregnancy outcomes. Clinical trial is obviously impossible and
no studies are available regarding the use of ATO in pregnant
women. The only data available are from animal or
environmental exposure studies. The current study is the first
study to investigate the ATO and its metabolite concentrations in
the plasma and AF from APL patients treated with ATO during
pregnancy, which reflects the fetal exposure levels to arsenic
TABLE 3 | Arsenic species in amniotic fluid (AF) and maternal plasma of APL patients treated with arsenic trioxide in pregnancy.

Patients Sample time Concentration (ng/ml) Ratio(CAF/CMP);

Maternal plasma (CMP) Amniotic fluid (CAF)

P1 4 days after the end of induction therapy iAs 3.56 5.81 1.63
DMA 9.29 11.71 1.26
MMA 8.07 4.79 0.59
tAs 20.92 22.31 1.07
PMI 2.27 0.82 /
SMI 1.15 2.44 /
iAs% 17.02 26.04 /
DMA% 44.41 52.49 /
MMA% 38.58 21.47 /

P2 6 days after the end of induction therapy iAs 2.20 5.60 2.55
DMA 7.68 6.25 0.81
MMA 6.15 2.34 0.38
tAs 16.03 14.19 0.89
PMI 2.80 0.42 /
SMI 1.25 2.67 /
iAs% 13.72 39.46 /
DMA% 47.91 44.05 /
MMA% 38.37 16.49 /
May 2022 | Volume 12
CAF/CMP, AF concentration/maternal plasma concentration; iAs, inorganic arsenic; MMA, monomethylarsonic acid; DMA, dimethylarsinic acid; tAs, total arsenic, tAs = iAs + DMA + MMA.
Percentage (%). (Concentrations of arsenic species/Concentration of tAs) × 100%. PMI, primary methylation index (MMA/iAs); SMI, secondary methylation index (DMA/MMA).
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TABLE 4 | Clinical characteristics and maternal and fetal outcomes in pregnant women with APL treated with ATO in this study and literature.

Case
no.

Age,
years

APL risk
score

Gestational
age at diag-
nosis, weeks

Treatment Dose of
ATO

received

Fetal exposure
in utero to
ATO, days

Therapy
outcome

Gestational age
at delivery/abor-

tion, weeks

Delivery
method

Fetal
outcome

Cases
in
this
Study

1 29 Intermediate 17+5 ATO
monotherapy

0.17 mg/
kg/day (10
mg/day)

28 CR 23+4 TA
(polyhydramnios)

Aborted
fetus

2 31 Low 20 ATO
monotherapy

0.16 mg/
kg/day (10
mg/day)

28 CR 24 TA Aborted
fetus

3 34 Low 37 ATO
monotherapy

0.16 mg/
kg/day (10
mg/day)

15 CR 39+1 Vaginal Healthy
infant

Cases
in
literature

1 (18) 30 \ 2 ATO+ATRA
+DNR

\ 57 CR 10+1 TA Aborted
fetus

2 (19) 25 Low/
Intermediate

5 ATO+ATRA
+DNR

\ 28 CR 9 SA Aborted
fetus

3 (19) 28 Low/
Intermediate

5 ATO+ATRA
+IDA

\ 14 CR 7 TA Aborted
fetus

4 (20) 25 High 8 ATO+ATRA
+DNR

\ 21 CR 11 TA Aborted
fetus

5 (21) 32 Intermediate 9 ATO+ATRA 10 mg/day 21 CR 12 TA Aborted
fetus

6 (22) 25 Low 9+5 ATO+ATRA 10 mg/day 23 CR 13+1 TA Aborted
fetus

7 (23) 26 High 10 ATO+ATRA
+DNR

\ 21 CR 13 TA Aborted
fetus

8 (19) 26 Low/
Intermediate

10 ATO+ATRA \ 35 CR 15 TA Aborted
fetus

9 (24) 25 Low 11+3 ATO+ATRA 0.15 mg/
kg

14 CR 14+1 TA Aborted
fetus

10 (18) 31 \ 12 ATO+ATRA
+DNR

\ 80 CR 23+3 TA Aborted
fetus

11 (25) 33 Low 12+4 ATO+ATRA
+IDA

10 mg/day 35 CR 17+4 TA Aborted
fetus

12 (18) 23 \ 12+4 ATO+ATRA
+DNR

\ 72 CR 23+6 TA Aborted
fetus

13 (19) 27 Low/
Intermediate

13 ATO+ATRA
+DNR

\ 28 CR 17 TA Aborted
fetus

14 (26) 22 Intermediate 14 ATO+ATRA 0.15 mg/
kg/day (10
mg/day)

93 CR 40+6 Vaginal Healthy
infant

15 (27) 28 Intermediate 23+4 ATO+ATRA \ 25 CR 28 TA Aborted
fetus

16 (24) 28 Intermediate 24+4 ATO+ATRA 0.15 mg/
kg

23 CR 29+4 TA Aborted
fetus

17 (22) 28 Intermediate 24+5 ATO+ATRA 10 mg/day 30 CR 29 TA Aborted
fetus

18 (28) 23 High 27 ATO+ATRA
+IDA

0.15 mg/
kg

35 CR 32 Cesarean Healthy
infant

19 (29) 29 \ 27 ATO + ATRA
+ DNR

\ \ CR \ TA Aborted
fetus

20 (30) 31 Intermediate 27 ATO
monotherapy

10 mg/day 10 CR 29 ID+TA Aborted
fetus

21 (30) 30 Intermediate 27+1 ATO+ATRA
+HHRT

10 mg/day 70 CR 37 Cesarean Healthy
infant

22 (18) 33 \ 28 ATO+ATRA \ 87 CR 40+3 Vaginal Healthy
infant

23 (31) 27 Intermediate 31+ ATO+ATRA
+DNR

10 mg/day 14 CR 33+ Cesarean (fetal
distress)

Healthy
infant

24 (32) 37 \ 32 ATO+ATRA \ 20 CR \ Cesarean Healthy
infant

25 (33) 28 Intermediate 34+4 ATO+ATRA
+DNR

10 mg/day 16 CR 37+5 Cesarean Healthy
infant

26 (34) 23 Low 35 ATO+ATRA 21 CR 38 Vaginal

(Continued)
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compounds during ATO treatment and the penetration
efficiency of arsenic species into AF in the real world. The dose
in these cases is much higher than in environmental studies,
which is crucial to clinical treatments. In addition, the clinical
cases on the application of ATO use during pregnancy in the
literature were systematically searched and analyzed in this
study. Our results may help medical teams make hard
decisions in extremely complex clinical situations such as APL
treatment during pregnancy.

Published reports and our preliminary results suggested that
ATO is biotransformed into two types of major metabolites
through oxidative methylation in human: MMA and DMA,
which is catalyzed by arsenic methyltransferase (10, 11, 16, 17).
AsV is a rare metabolite in the process (16). The prototype drug
AsIII and its metabolites are widely distributed throughout the
body. The arsenic species can be detected in urine (11), plasma
(16), red blood cells (17), leukocytes (37), granulocytes (37), and
cerebrospinal fluid (CSF) (38) of APL patients treated with ATO,
and in kidney (39), liver (39), and heart (39) of rat treated with
ATO. In this study, the Ctrough, percentage, and methylation
index of arsenic species in plasma from pregnant and non-
pregnant women treated with ATO were evaluated. As shown in
Table 2, no significant differences between the two sets were
observed. The reasons may be the small sample size or no
significant influence of pregnancy on arsenic metabolism.

Another interesting finding of this study was the remarkable
differences in the arsenic species levels in the plasma from those
in our preliminary published report (16). Higher levels of DMA,
iAs, MMA, and tAs were measured in the present study. The
discrepancy might have resulted from the different sample
preparation methods between the two studies. H2O2 was added
to plasma during sample preparation to cleave the bonds
between arsenic and plasma proteins. In this process, trivalent
arsenicals (AsIII, DMAIII, and MMAIII) were oxidized to
pentavalent arsenicals (Asv, DMAv, and MMAv) by H2O2 (40).
Based on our study (17) and previous reports (40), H2O2 at this
concentration changed the oxidation state of arsenicals, but not
the methylation status. Therefore, the detected arsenic species
were the sum of unbound arsenicals and protein-bound
arsenicals that were released and oxidized by H2O2.

Our published study showed that AsIII and its metabolites
have a limited ability to penetrate the blood–brain barrier into
CSF (38). Arsenical concentration in CFS is much lower than
that in plasma (38). In this study, our results showed that arsenic
Frontiers in Oncology | www.frontiersin.org 7255
concentration in AF is much higher than that in maternal
plasma, which suggested that AsIII and its metabolites have a
strong ability to penetrate the placental barrier into AF.

The overall concentration trend of arsenic species in AF of in
the 2 APL patients was DMA > iAs > MMA during the drug-
withdrawal period, which was different from that in maternal
plasma (DMA > MMA > iAs). Our preliminary results indicated
that the overall penetration into CSF of arsenic species was iAs >
DMAV > MMAV (AsV was not detected in CSF) (38). It is
interesting that a similar thing was observed in this study. Our
results showed that the penetration into AF of iAs was higher
than DMA and MMA, which suggested that the iAs may possess
stronger placental barrier permeability and the MMA exhibited
weaker placental barrier penetration efficiency. The results also
implied higher iAs accumulation in the AF compared with DMA
and MMA. Some reasons for this phenomenon can be traced as
follows: (1) At middle and late gestation, fetal urine is produced,
contributing to most of the volume and composition of the AF.
DMAV and AsIII were the dominant arsenic compounds excreted
from the urine (11). (2) Unbound arsenicals possess stronger
barrier permeability than protein-bound arsenicals. The different
placental barrier permeability of arsenic species probably comes
from the different chemical structure or protein binding capacity.
(3) The arsenic ingested by fetus could undergo fetal clearance by
its metabolic pathways. Because of the lower metabolism of fetus,
there is much higher level of un-metabolized AsIII in AF than in
maternal plasma. (4) There may be an increased penetration into
and/or accumulation within AF or a decreased elimination out of
AF. The exact reason is unknown and further explorations
are needed.

Taken together, these data from our study indicated that
maternally treated ATO (AsIII) and its pharmacologically
metabolites can easily pass through the placental barrier. Thus,
in utero, the fetus could be simultaneously exposed to ATO and
its metabolites by fetus swallowing AF. It has become clear that
arsenic metabolites also possess cytotoxicity (13, 41). Previous
studies have shown that trivalent methylated arsenicals (MMAIII

and DMAIII) are much more toxic than iAs (13, 42). The
concentration trend of DMA > iAs > MMA in AF suggests a
higher fetal exposure to DMA. The higher permeability of the
placental barrier and the lower affinity of fetal plasma proteins to
the drugs could increase fetal exposure to the circulating drug
and its metabolites. Our results also showed that there was a
higher iAs level and a lower MMA level in the AF than those in
TABLE 4 | Continued

Case
no.

Age,
years

APL risk
score

Gestational
age at diag-
nosis, weeks

Treatment Dose of
ATO

received

Fetal exposure
in utero to
ATO, days

Therapy
outcome

Gestational age
at delivery/abor-

tion, weeks

Delivery
method

Fetal
outcome

0.15 mg/
kg

Healthy
infant

27 (35) 27 Low 36 ATO+ATRA 10 mg/day 6 CR 38 Cesarean Healthy
infant

28 (29) 30 \ 36 ATO+ATRA
+DNR

\ \ CR \ Cesarean Healthy
infant
May 2022 |
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APL, acute promyelocytic leukemia; CR, complete remission; ATO, arsenic trioxide; ATRA, all-trans-retinoic acid; TA, therapeutic abortion; SA, spontaneous abortion; DNR, daunorubicin;
IDA, idarubicin; HHRT, homoharringtonine; ID, Intrauterine death.
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the maternal plasma. Furthermore, our data suggest that
continuous fetal exposure to ATO and its metabolites via re-
circulation of the AF could occur. The biological consequences of
fetal exposure to maternally administered ATO and/or its
metabolites via placental transfer and re-circulation of AF are
yet to be determined. Further studies are needed to evaluate the
effect(s) of iAs, DMA, and MMA on the neonatal outcome of
infants exposed to the drug and its metabolites in utero.

The diagnosis and management of APL in pregnancy presents
significant challenges. It is impossible to prospectively study the
appropriate measures for the management of pregnant women
with APL. A systematic review of the literature cases seems the
best way to obtain evidence-based information to guide decision-
making in clinical practice. To analyze the maternal and fetal
outcomes of APL patients treated with ATO in pregnancy, a
systematic literature review was performed for the first time in
this study. The results suggested that all pregnant women with
APL (n = 28) in literature reports achieved CR (CR rate was
100%). The correlation between fetal outcomes and age, dose of
ATO, and duration of fetal exposure in utero to ATO was not
observed. There was an abortion rate of 100%, 67%, and 0% in
those diagnosed with APL during the first, second, or third
trimester of pregnancy in 28 cases included, respectively. The
results suggested that the chances of achieving CR for the
pregnant women with APL remained very high by ATO
treatment, regardless of gestational age at diagnosis. In other
words, for the mother, gestational age has no significant
influence on the probability of achieving CR. In contrast, fetal
outcome is strongly related to gestational age. In these cases,
polyhydramnios, jaundice, respiratory distress syndrome, and
intrauterine death were observed during the perinatal period.
However, teratogenic effects were not observed. Our results
indicated that ATO and its metabolites can penetrate the
placenta into AF. The concentration ratios of AF to maternal
plasma highlighted a relatively high fetal exposure to arsenic
compounds. Based on overall consideration, although
teratogenic effects were not observed in this study, avoiding
ATO during the early stage of pregnancy is recommended, due to
its potential teratogenicity and other toxicity. Some reports
support the proposal that the treatment of APL in pregnancy
should give priority to an anthracycline, particularly
daunorubicin (43, 44). More data and further exploration are
needed to testify this. Comparing ATO treatment with
daunorubicin or anthracycline treatment in a large sample is
recommended. Our result suggested that ATO and
chemotherapy seem to be reasonably safe when given to APL
patients during the third trimester of pregnancy. Some reports
indicated successful pregnancies after the end of ATO therapy
for APL (4, 44–46). Even so, to avoid a fetal exposure to ATO,
using this agent only after delivery is recommended.

Our study had some limitations. Acute leukemia in pregnancy
has a low incidence (1 out of 100,000 pregnancies) (26). APL is a
variant of acute myeloid leukemia (AML) with an incidence of
approximately 2–3 per million. Then, APL during pregnancy is
rather rare. In addition, obtaining AF is a prominent difficulty.
Therefore, the small number of patients and AF samples
included in our study poses a considerable shortcoming. Our
Frontiers in Oncology | www.frontiersin.org 8256
findings do not allow for general conclusions on arsenic species
concentrations in AF and maternal circulation within APL
patients treated with ATO during pregnancy. Given that AF
determinations were performed during delivery when ATO was
withdrawn, drug concentrations of AF do not represent Ctrough

(trough levels), thus limiting the generalizability of the results. In
our previous report (37), arsenic species could still be detected in
blood cells at the time of drug withdrawal for 3–109 days. In this
study, we collected the maternal blood samples and AF samples
from 2 APL patients at 4 and 6 days after the treatment.
Unfortunately, the samples from later time points were also
not obtained due to the lack of clinical compliance or informed
consent. Thus, arsenic metabolism and clearance after treatment
in AF or maternal blood were not evaluated. Umbilical cord
blood were not obtained. The conclusions on the correlation
between maternal plasma concentration of arsenic species and
cord blood levels were not made at this time. Besides that, further
information about the long-term safety of arsenic compounds in
terms of pregnancy outcomes and effects on fetus was lacking in
our investigation. Further studies and follow-up are required.

Despite the above limitations, data from our in vivo study
demonstrated the characteristics of intrauterine arsenic exposure
and the permeability of placenta for ATO and its metabolites for
the first time. The first safety assessment of ATO in pregnant
women with APL was performed in this study. Our studies will
enable further analysis of the possible effects of ATO and its
metabolites on maternal and fetal outcomes.
CONCLUSIONS

In summary, ATO and its metabolites in AF and maternal
plasma of pregnant APL patients treated with ATO were
measured by HPLC–HG–AFS for the first time. There were no
significant differences in Ctrough levels of arsenic species,
percentage (iAs%, DMA%, and MMA%), and methylation
index (PMI and SMI) between pregnant women (n = 3) and
non-pregnant women (n = 5) (p > 0.05), which may be due to the
small size or no significant influence of pregnancy on arsenic
metabolism. The overall concentration distribution trend in AF
was DMA > iAs > MMA, which was different from that in the
corresponding maternal plasma, DMA > MMA > iAs. These
results suggested that arsenic compounds (iAs, DMA, and
MMA) had the ability to easily cross the human placenta
barrier and appear in AF, fetuses were exposed to relatively
high levels of ATO and its metabolites in utero during maternal
ATO treatment, and arsenic species exhibited different
penetrations into AF (iAs> DMA > MMA); in other words,
iAs possessed stronger placental barrier permeability and the
MMA exhibited weaker placental barrier penetration efficiency,
which was similar to that of arsenic penetration into CSF.

A systematic literature review about APL women in
pregnancy treated with ATO was performed. Combined with
the data of this study, the results indicated that mother age, the
dose of ATO, and duration of fetal exposure in utero had no
influences on fetal outcomes. Gestational age was closely related
to fetal outcomes, but did not affect mother outcomes (CR rate,
May 2022 | Volume 12 | Article 887026
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100%). In brief, avoiding ATO treatment during the early stage
of pregnancy should be emphasized, due to high fetal exposure to
ATO and its metabolites in utero, ATO potential teratogenicity,
and other toxicity.

These results may be beneficial for medical teams to assess
maternal and fetal outcomes, preserve the obstetrical and fetal
wellbeing, and make hard decisions such as ATO treatment for
pregnant women with APL. Since this is the first report that
analyzed the arsenical concentrations in maternal blood and AF
and evaluated the permeability of the placenta barrier for arsenic
species in pregnant APL patients receiving ATO, these findings
need to be further investigated and should be corroborated using
a larger sample population in multi-center studies.
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Background and purpose: poly-ADP ribose polymerase (PARP) inhibitors show
impressive efficacy in a range of tumors. However, concerns about rare and fatal
adverse events, including myelodysplastic syndrome (MDS) and acute myelogenous
leukemia (AML) have arisen. The aim of this study was to excavate and evaluate the
risk of PARP inhibitors causing MDS and AML based on real-world data from two
international pharmacovigilance databases.

Methods: We analyzed adverse event (AE) reports of four PARP inhibitors (olaparib,
niraparib, rucaparib and talazoparib) associated with MDS and AML from the United States
Food and Drug Administration (FDA) Adverse Event Reporting System (FAERS) and
EudraVigilance (EV) databases between 1 October 2014, and 30 September 2021,
including demographic characteristics, fatality and times to onset. Three different data
mining algorithms were used to detect the signals of PARP inhibitors associated with MDS
and AML.

Results: In total, 16,710 and 11,937 PARP inhibitor AE reports were found in the
FAERS and EV databases, of which 332 and 349 were associated with MDS and AML,
respectively. The median latencies of MDS and AML associated with PARP inhibitors
were 211 [interquartile range (IQR) 93.5–491.25] days and 355 (IQR 72.00–483.50)
days, respectively. The average fatality rates of MDS and AML caused by the four PARP
inhibitors were 39.23 and 45.39%, respectively, in the FAERS database, while those in

Edited by:
Yao Liu,

Daping Hospital, China

Reviewed by:
Dawid Sigorski,

University of Warmia and Mazury in
Olsztyn, Poland

Jyothi Mahadevan,
University of Colorado Boulder,

United States
Tarek El-hamoly,

Egyptian Atomic Energy Authority,
Egypt

*Correspondence:
Kejing Wang

wymwkj001@163.com
Lin Chen

cqfycl@126.com
Yang Yang

cqfyyy2020@163.com

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal

Frontiers in Pharmacology

Received: 04 April 2022
Accepted: 27 May 2022
Published: 15 June 2022

Citation:
Zhao Q, Ma P, Fu P, Wang J, Wang K,

Chen L and Yang Y (2022)
Myelodysplastic Syndrome/Acute

Myeloid Leukemia Following the Use of
Poly-ADP Ribose Polymerase (PARP)
Inhibitors: A Real-World Analysis of
Postmarketing Surveillance Data.

Front. Pharmacol. 13:912256.
doi: 10.3389/fphar.2022.912256

Abbreviations: AE, adverse event; AML, Acute myeloid leukemia; BCPNN, Bayesian confidence propagation neural network;
BRCA, breast cancer susceptibility protein; DNA, deoxyribonucleic acid; EV, EudraVigilance; EMA, European Medicines
Agency; FDA, Food and Drug Administration; FAERS, FDA Adverse Event Reporting System; IQR, interquartile range;
MedDRA, Medical Dictionary for Drug Regulatory Activities; MDS, Myelodysplastic syndrome; PARP, poly-ADP ribose
polymerase; PRR, proportional reporting ratio; PT, preferred terms; RCT, randomized controlled trials; ROR, reporting odds
ratio; WHO, World Health Organization.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 9122561

ORIGINAL RESEARCH
published: 15 June 2022

doi: 10.3389/fphar.2022.912256

259

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.912256&domain=pdf&date_stamp=2022-06-15
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.912256/full
http://creativecommons.org/licenses/by/4.0/
mailto:wymwkj001@163.com
mailto:cqfycl@126.com
mailto:cqfyyy2020@163.com
https://doi.org/10.3389/fphar.2022.912256
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.912256


the EV database were 32.32 and 34.94%, respectively. Based on the criteria used for
the three algorithms, a significant disproportionate association was found between
PARP inhibitors as a drug class and MDS/AML. Notably, the risk of MDS was much
higher than that of AML. Olaparib appeared to have a stronger association with MDS
and AML than did other PARP inhibitors.

Conclusion: In the real world, PARP inhibitors increase the risk of MDS and AML, which
can result in high mortality and tend to occur during long-term use. Our findings provide
objective evidence for the postmarketing safety of PARP inhibitors.

Keywords: PARP inhibitors, myelodysplastic syndrome, acute myeloid leukemia, pharmacovigilance, real-world

INTRODUCTION

In recent years, poly (ADP-ribose) polymerase (PARP)
inhibitors, which rely on the mechanism of so-called
synthetic sickness, have revolutionized the treatment of
neoplasms, particularly in ovarian cancer (Lord and
Ashworth, 2017). Four kinds of PARP inhibitors are
approved by the Food and Drug Administration (FDA),
including olaparib (Lynparza; AstraZeneca, initial FDA
approval: December 2014), niraparib (Zejula, Tesaro, March
2017), rucaparib (Rubraca, Clovis Oncology, December 2016)
and talazoparib (Talzenna, Pfizer, October 2018). A series of
high-level evidence-based medical studies showed that PARP
inhibitors have significant clinical benefits in patients with
ovarian cancer (Coleman et al., 2017; Gonzalez-Martin et al.,
2019; Ray-Coquard et al., 2019), breast cancer (Litton et al.,
2018; Tutt et al., 2021), pancreatic cancer (Golan et al., 2019)
and prostate cancer (Hussain et al., 2020).

However, with the increasing applications of PARP inhibitors,
rare serious adverse reactions, especially myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML), have
become more prominent and are indicated by an FDA
warning on the label. Although PARP inhibitors share the
same mechanism of action, their specific toxicity profiles may
vary considerably. Additionally, data from clinical trials showed
low incidence rates of MDS and AML with PARP inhibitors, at
between 0.5 and 1.4% (LaFargue et al., 2019). However, this
measurement may be underestimated for assessing the
association of PARP inhibitors with rare adverse events (AEs)
because clinical trials have rigorous entry and exclusion criteria
(such as excluding patients with higher burdens of
comorbidities), relatively small sample sizes, and limited
follow-up durations. Furthermore, the characteristics of MDS
and AML caused by PARP inhibitors in the real world are poorly
known. Therefore, the development of an understanding of their
toxicity profiles by postmarketing pharmacovigilance is urgently
needed.

The FDAAdverse Event Reporting System (FAERS) is the largest
AE database in the world, containing more than 14 million reports.
The FAERS database is considered the primary tool supporting the
postmarketing safety surveillance of approved drugs and biologics.
EudraVigilance (EV) is another public international spontaneously
reported pharmacovigilance database for recording, managing and

analyzing AEs in the European or non-European economic area and
is maintained by the European Medicines Agency (EMA). Health
care professionals, consumers, manufacturers and others can report
AEs to the FAERS and EV databases. Analysis of the FAERS and EV
databases provides a broader perspective for detecting AEs associated
with newly approved drugs and rare AEs that occur in the real world
(Pinheiro et al., 2016; Meng et al., 2019). The aim of this study was to
characterize the association of PARP inhibitors (olaparib, rucaparib,
niraparib, and talazoparib) with MDS/AML and to identify the
signals of PARP inhibitor association with MDS/AML by utilizing
real-world evidence.

METHODS

Data Sources
Four PARP inhibitors namely (generic name) olaparib, rucaparib,
niraparib and talazoparib were selected as study drugs (AE reports
were only included if a target drug was listed as the primary
suspect). Data were retrieved from the public release of FAERS and
EV database between 1 October 2014 (considering the FDA
approved the first PARP inhibitors, olaparib on 19 December
2014) and the 30 September 2021. OpenVigil FDA, a
pharmacovigilance tool, is a web-based user interface to the
FAERS database for extraction and analysis of adverse event
safety reports which has been successful verified by FDA(Bohm
et al., 2021). For the present study, we used the OpenVigil FDA to
analysis the data from FAERS. AE reports of PARP inhibitors from
EVdatabase are publicly available through the EMAwebsite (www.
adrreports.eu). In accordance with the pharmacovigilance
legislation, FDA and EMA operate procedures that ensure the
quality and integrity of data collected in FAERS and EV database
the AE files from FDA and EMA were updated every quarter.

Definition of AEs
AEs are recoded using preferred terms (PTs) of the Medical
Dictionary for Drug Regulatory Activities (MedDRA)
terminology in FAERS and EV database. PT is a unique and
clear expression in accordance with international standards for a
single medical concept, and its specificity and description are
strong. myelodysplastic syndrome (PT code: 10028533) and acute
myeloid leukemia (PT code: 10000846) were selected as potential
interest AEs for this study.
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In this study, the inclusion criteria for AE report were that
PARP inhibitor as “primary suspected drug”. Besides, we
collected administrative and clinical characteristics of AE
reports when data were available, including patient features
(sex, age and country of origin), drug information (indication,
concomitant drugs, therapy start dates and end dates), and final
patient outcomes. We removed duplicated and aberrant reports
(such as the date of adverse event occurrence is earlier than the
start time of medication).

Statistical Analysis
Disproportionality analyses were commonly used to identify
potential safety signals for AEs in the FAERS, including the
established pharmacovigilance algorithms reporting odds
ratio (ROR), proportional reporting ratio (PRR) and
Bayesian confidence propagation neural network (BCPNN).
Each method has its own characteristics, ROR or PRR
algorithm has high sensitivity, but it is easy to produce
false positive signals when the number of AE reports is not
enough (Rothman et al., 2004). Bayesian algorithm has good
stability, but the signal detection time is lagged (Bate, 2007).
In order to reduce the bias caused by using a single algorithm
as much as possible, three different data mining algorithms
(ROR, PRR and BCPNN) were used for signal detection in this
study. When all the three algorithms are positive, the signal is
judged as suspicious AE signal. the equations and criteria for
the three algorithms are shown in Supplementary Table S2,
which is based on the fourfold table of disproportionality
measurement (Supplementary Table S1).

Only FAERS can realize signal detection by using open
database gratuitous, Therefore, we detected the signal value of

PARP inhibitors associated with MDS and AML only in FAERS.
Moreover, we summarized the time to onset for AEs of interest
only in EV database due to data limitation and the analysis was
conducted by GraphPad Prism (version 8.3.0).

RESULTS

Descriptive Analysis
During the study period, a total of 16,710 AE reports
corresponding to PARP inhibitors were extracted from the
FAERS database, including 5670 for olaparib, 8211 for
niraparib, 2475 for rucaparib and 354 for talazoparib.
Among these cases, the total numbers of MDS and AML
AE cases were 187 and 145, respectively. In addition, the
EV database presented a total of 11,937 events corresponding
to PARP inhibitors, including 5493 for olaparib, 4854 for
niraparib, 1428 for rucaparib and 198 for talazoparib. The
total numbers of potential AEs of interest for PARP inhibitors
were 222 and 127. The most frequently reported drug in the
two databases was olaparib. Table 1 shows the characteristics
for MDS reported with PARP inhibitors in the two databases,
and Table 2 shows the same for AML. In these PARP
associated with MDS/AML cases, we noted cases exposed
to PARP inhibitors were similar between the European
economic area and non-European economic area. More
than 80% PARP inhibitors were used for ovarian cancer
treatment(Table 3), and the patient gender of MDS and
AML caused by the four PARP inhibitors were 97.6 and
91.73%, respectively, in the FAERS database, while those in
EV database were 98.64 and 92.56%.

TABLE 1 | The characteristics of MDS reported by PARP inhibitors in FAERS and EV database.

Olaparib Niraparib Rucaparib Talazoparib Total

FAERS EV FAERS EV FAERS EV FAERS EV FAERS EV

Total cases 147 179 29 32 7 10 4 1 187 222
Age
<18 y 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
18−64 y 50 (60.98) 75 (60.98) 8 (53.33) 8 (57.14) 1 (25.00) 4 (66.67) 1 (25.00) 0 (0) 60 (57.14) 87 (60.42)
65−85 y 31 (37.80) 47 (38.21) 7 (46.67) 6 (42.86) 3 (75.00) 2 (33.33) 3 (75.00) 1 (100.00) 44 (41.90) 56 (38.89)
>85 y 1 (1.22) 1 (0.81) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.95) 1 (0.69)
data available 82 123 15 14 4 6 4 1 105 144

Gender
female 136 (99.27) 177 (99.44) 21 (95.45) 31 (96.88) 3 (75.00) 9 (90.00) 3 (75.00) 1 (100.00) 163 (97.60) 218 (98.64)
male 1 (0.73) 1 (0.56) 1 (4.55) 1 (3.13) 1 (25.00) 1 (10.00) 1 (25.00) 0 (0) 4 (2.40) 3 (1.36)
data available 137 178 22 32 4 10 4 1 167 221

Reporting region
European Economic Area 68 (46.26) 89 (49.72) 11 (37.93) 18 (56.25) 4 (57.14) 3 (30.00) 3 (75.00) 1(100.00) 86(45.99) 111(50%)
Non-European Economic Area 79(53.74) 90(50.28) 18(62.07) 14(43.75) 3(42.86) 7(70.00) 1(25.00) 0(0) 101(54.01) 111(50%)
data available 147 179 29 32 7 10 4 1 187 222

Indication
ovarian cancer 105(85.37) 134(93.06) 22(88.00) 18(90.00) 2(50.00) 3(75.00) 0(0) 0(0) 129(82.69) 155(91.72)
breast cancer 8(6.50) 5(3.47) 1(4.00) 1(5.00) 0(0) 0(0) 2(50.00) 1(100.00) 11(7.05) 7(4.14)
pancreatic carcinoma 2(1.63) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 2(1.28) 0(0)
prostate cancer 1(0.81) 0(0) 0(0) 0(0) 0(0) 0(0) 2(50.00) 0(0) 3(1.92) 0(0)
other malignant neoplasm 7(5.69) 5(3.47) 2(8.00) 1(5.00) 2(50.00) 1(25.00) 0(0) 0(0) 11(7.05) 7(4.14)
data available 123 144 25 20 4 4 4 1 156 169
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TABLE 2 | The characteristics of AML reported by PARP inhibitors in FAERS and EV database.

Olaparib Niraparib Rucaparib Talazoparib Total

FAERS EV FAERS EV FAERS EV FAERS EV FAERS EV

Total cases 110 103 30 19 4 5 1 0 145 127
Age
<18 y 1(1.33) 1(1.47) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(0.99) 1(1.20)
18–64 y 42(56.00) 29(42.65) 15(65.22) 9(69.23) 2(100.00) 0(0) 1(100.00) 0(0) 60(59.41) 38(45.78)
65–85 y 30(40.00) 36(52.94) 7(30.43) 4(30.77) 0(0) 2 0(0) 0(0) 37(36.63) 42(50.60)
>85 y 2(2.67) 2(2.94) 1(4.35) 0(0) 0(0) 0(0) 0(0) 0(0) 3(2.97) 2(2.41)
data available 75 68 23 13 2 2 1 0 101 83

Gender
female 94(91.26) 95(93.14) 23(92.00) 12(85.71) 4(100.00) 5(100.00) 1(100.00) 0(0) 122(91.73) 112(92.56)
male 9(8.74) 7(6.86) 2(8.00) 2(14.29) 0(0) 0(0) 0(0) 0(0) 11(8.27) 9(7.44)
data available 103 102 25 14 4 5 1 0 133 121

Reporting region
European Economic Area 53(48.18) 56(54.37) 17(56.67) 9(47.37) 1(25.00) 0(0) 1(100.00) 0(0) 72(49.66) 65(51.18)
Non-European Economic Area 57(51.82) 47(45.63) 13(43.33) 10(52.63) 3(75.00) 5(100.00) 0(0) 0(0) 73(50.34) 62(48.82)
data available 110 103 30 19 4 5 4 0 145 127

Indication
ovarian cancer 77(81.05) 77(89.53) 18(90.00) 11(100.00) 2(100.00) 1(100.00) 0(0) 0(0) 97(82.20) 89(90.82)
breast cancer 3(3.16) 3(3.49) 0(0) 0(0) 0(0) 0(0) 1(100.00) 0(0) 4(3.39) 3(3.06)
prostate cancer 6(6.32) 6(6.98) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 6(5.08) 6(6.12)
other malignant neoplasm 9(9.47) 0(0) 2(10.00) 0(0) 0(0) 0(0) 0(0) 0(0) 11(9.32) 0(0)
data available 95 86 20 11 2 1 1 0 118 98

TABLE 3 | Top 3 concomitant medications for PARP inhibitors associated with MDS and AML from FAERS and EV databases.

Olaparib(Na) Niraparib(N) Rucaparib(N) Talazoparib(N)

FAERS EV FAERS EV FAERS EV FAERS EV

MDS Carboplatin (70) Carboplatin (31) Carboplatin (14) Rivaroxaban (5) Carboplatin (2) Ondansetron (2) — —

Paclitaxel (47) Paclitaxel (26) Doxorubicin (13) Carboplatin (2) paclitaxel (1) Colecalciferol (2) — —

Doxorubicin (26) Bevacizumab
(10)

Cisplatin (7) Doxorubicin (2) Gabapentin (1) Bevacizumab (1) — —

AML Carboplatin (28) Carboplatin (32) Acetaminophen (6) Doxorubicin (4) Acetaminophen (6) Melatonin (1) Enzalutamide (1) —

Paclitaxel (13) Paclitaxel (23 Budesonide and formoterol
fumarate (6)

Carboplatin (2) Azacytidine (1) — — —

Bevacizumab (9) Bevacizumab
(15)

Calcium and vitamin D (4) Cisplatin (1) Binpcrit (1) — — —

aIf the same number of cases are encountered, they are showed in alphabetical order.

TABLE 4 | The serious outcome of MDS and AML reported by PARP inhibitors in FAERS and EV databasea.

Olaparib Niraparib Rucaparib Talazoparib Total

MDS AML MDS AML MDS AML MDS AML MDS AML

FAERS 147 110 29 30 7 4 4 1 187 145
death 36(41.38) 50(48.54) 10(33.33) 16(39.02) 3(42.86) 2(40.00) 2(33.33) 1(33.33) 51(39.23) 69(45.39)
life-threatening 26(29.89) 27(26.21) 11(36.67) 19(46.34) 1(14.86) 1(20.00) 1(16.67) 1(33.33) 39(30.00) 48(31.58)
hospital prolonged 23(26.44) 25(24.27) 7(23.33) 5(12.20) 3(42.86) 2(40.00) 3(50.00) 1(33.33) 36(27.69) 33(21.71)
disablity 2(2.30) 1(0.97) 2(6.67) 1(2.44) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4(3.07) 2(1.32)
data available 87 103 30 41 7 5 6 3 130 152
EV 179 103 32 19 10 5 4 1 222 127
death 27(36.49) 24(34.78) 4(19.05) 5(35.71) 1(33.33) 0(0.00) 0(0.00) 0(0.00) 32(32.32) 29(34.94)
life-threatening 25(33.78) 21(30.43) 7(33.33) 4(28.57) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 32(32.32) 25(30.12)
hospital prolonged 18(24.32) 22(31.88) 9(42.86) 5(35.71) 2(66.67) 0(0.00) 1(100.00) 0(0.00) 30(30.30) 27(32.53)
disablity 4(5.41) 2(2.90) 1(4.76) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 5(5.51) 2(2.41)
data available 74 69 21 14 3 0 1 0 99 83

aMultiple outcomes can be reported for the same report.
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Outcome of MDS and AML Reported By
PARP Inhibitors in Two Databases
To determine the fatal risk, we measured the mortality rates of
MDS and AML reported along with the four targeted PARP
inhibitors in the two databases, and the generated results are
shown in Table 4. We found that the mortality rate in the FAERS
database was higher than that in the EV database; the universal
mortality rates of MDS and AML caused by the four PARP
inhibitors in the FAERS database were 39.23 and 45.39%, while
those in the EV database were 32.32 and 34.94%, respectively.

Time toOnset ofMDS and AMLReported By
PARP Inhibitors in EV Databases
Overall, the median times to all PARP inhibitor-related MDS and
AML events were 211 [interquartile range (IQR) 93.50–491.25]
days and 355 (IQR 72.00–483.50) days, respectively. We display
the time to onset of MDS/AML events for each PARP inhibitor in
Figures 1A,B. The times to occurrence of MDS/AML ranged
from the first days or weeks to 1 year or more after the start of
therapy, with most times concentrated within 1 year. Because of
the scantness of data, the times to MDS and AML event were not
computed for rucaparib and talazoparib.

Disproportionality Analysis of MDS/AML
Associated With PARP Inhibitors
Based on the criteria used for the three algorithms in the FAERS
database, a significant disproportionate association was found
between PARP inhibitors as a drug class and MDS and AML
[MDS: 16.94 (14.66–19.57) for ROR, 16.76 (14.52–19.34) for PRR
and 4.06 (3.51–4.69) for IC; AML: 12.85 (10.91–15.14) for ROR,
12.75 (10.84–14.99) for PRR and 3.66 (3.11–4.32) for IC]. For
each PARP inhibitor, the association results are showed in
Figure 2. The signal scores suggest that all four PARP
inhibitors are associated with MDS. The relationship of

olaparib with MDS was noteworthy due to having the highest
ROR, PRR and BCPNN values [40.49 (34.3–47.78) for ROR,
39.46 (33.58–46.38) for PRR and 5.27 (4.54–6.12) for IC],
whereas the signal values of rucaparib-related MDS were the
weakest [4.22 (2.01–8.86) for ROR, 4.21 (2.01–8.82) for PRR and
2.07 (1.64–2.62) for IC]. Concerning AML, the signal scores
suggest that only olaparib and niraparib are associated with
AML, whereas no significant signals were detected for
rucaparib (the 95% CI of ROR and PRR value is lower than 1)
and talazoparib (the 95% CI of ROR and PRR value is lower than
1 and the cases of interest reported is lower than 3; the standard of
signal detection are shown in Supplementary Tables S1, S2).
Olaparib also had the highest signal values for AML [29.39
(24.29–35.55) for ROR, 28.84 (23.93–34.76) for PRR and 4.83
(4.15–5.6) for IC].

DISCUSSION

PARP inhibitors that are in the same category of drugs show some
of the same toxic characteristics, but different drugs have different
adverse reactions, and they vary in frequency and severity
(Staropoli et al., 2018). Previous studies have shown that
common toxicities among PARP inhibitors include
hematological toxicity, gastrointestinal adverse reactions,
nephrotoxicity, and fatigue, which usually occur during the
first 3 months of treatment (LaFargue et al., 2019). However, a
few randomized controlled trials (RCTs) have reported MDS and
AML in patients using PARP inhibitors and indicated possible
delayed toxicity of PARP inhibitor therapy (Mirza et al., 2016;
Coleman et al., 2017).

To the best of our knowledge, this is the first pharmacovigilant
analysis of MDS and AML adverse events associated with PARP
inhibitors utilizing the FAERS and EV databases. Myelodysplastic
syndrome and acute leukemia, these rare, serious and delayed
adverse reactions, are the most concerning adverse reactions
associated with PARP inhibitors therapy. Current literature

FIGURE 1 | (A) Time to event onset of myelodysplastic syndrome (MDS) following olaparib and niraparib. (B) Time to event onset of acute myeloid leukemia (AML)
following olaparib and niraparib. Data on rucaparib and talazoparib are not available since the missing data (number of cases < 4).
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reveals inconsistent conclusions about the associations of PARP
inhibitors with MDS and AML. A meta-analysis of 5739 patients
from 14 RCTs showed no significant association between PARP
inhibitors and the incidence rates of MDS and AML (Nitecki
et al., 2021). In some RCTs or meta-analyses, rare or delayed
adverse events were not fully captured during short-term follow-
up and may be affected by the size of the dataset. On the other
hand, the final analysis of SOLO-2, which is the largest related
long-term follow-up study that has been conducted, suggested
that olaparib may cause MDS and AML (Poveda et al., 2021). A
meta-analysis of 9099 patients from 28 RCTs and a retrospective
study of the World Health Organization (WHO)
pharmacovigilance database demonstrated that the
combination of PARP inhibitors significantly increased the
risk of MDS and AML (Peto OR 2.63 [95% CI 1·13–6·14], p =
0·026) (Morice et al., 2021). In another study, an increased risk of
MDS/AML was observed in real-world patients who received
PARP inhibitors (Ma et al., 2021; Matsuo et al., 2021). Our
findings are consistent with the results of these

epidemiological studies and meta-analyses. In addition, we
have enumerated the following notable and interesting findings:

First, the risk ofMDS related to PARP inhibitors wasmuch higher
than that of AML. MDS shares the clinical and pathological features
of AML but shows a lower percentage of primitive cells in the
peripheral blood and bone marrow (<20%) (Arber et al., 2016).
Patients with MDSmay develop symptomatic anemia, infection, and
bleeding and may transition to having AML, and the incidence rates
of MDS and AML are also different (Siegel et al., 2012; McQuilten
et al., 2014). Our findings indicate that PARP inhibitors are associated
with a higher risk of MDS than AML in a “real world” setting.
According to the results of the meta-analysis involving several RCTs,
there were no significant differences between the risks of MDS and
AML associated with PARP inhibitors, which may account for
differences between the real world and RCTs with rigorous study
entry criteria (Morice et al., 2021). Indeed, a previous study showed
that the power of RCTs to detect AEs was weak, especially for rarer
AEs (Salem et al., 2021). Additional analysis is necessary based on the
observed differences between RCTs and the “real world”.

FIGURE 2 | Forest plots of disproportionality analysis of MDS/AML associated with PARP inhibitors. * Statistically significant disproportionality (the standard of
signal detection in the Supplementary Table S2). Abbreviation: MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; N, the number of reports of PARP-
associated myelodysplastic syndrome or acute myeloid leukemia; CI, confidence interval; ROR, reporting odds ratio; PRR, proportional reporting ratio; IC, information
component; PARP inhibitors, poly (ADP-ribose) polymerase inhibitors. (A) the reporting odds ratio (ROR) distribution of MDS reported by PARP inhibitors. (B) the
proportional reporting ratio (PRR) distribution of MDS reported by PARP inhibitors. (C) the information component (IC) distribution of MDS reported by PARP inhibitors.
(D) the reporting odds ratio (ROR) distribution of AML reported by PARP inhibitors. (E) the proportional reporting ratio (PRR) distribution of AML reported by PARP
inhibitors. (F) the information component (IC) distribution of AML reported by PARP inhibitors.
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Second, MDS and AML signals were detected for PARP
inhibitors as a drug class included in this study, suggesting that
MDS and AML may be common AEs to PARP inhibitors.
However, rucaparib and talazoparib-related AML showed no
positive signals, which may be related to the short marketing
time of these PARP inhibitors, and further studies on the risk of
AEs associated with rucaparib and talazoparib are needed. Poly
(ADP-ribose) polymerases are a family of enzymes that use the
oxidized form of nicotinamide adenine dinucleotide to transfer
ADP-ribose to other proteins (poly ADP-ribosylation). They
are involved in deoxyribonucleic acid (DNA) damage response,
regulation of apoptosis, and maintenance of genomic stability
(Anderson et al., 2016). The anti-cancer mechanism of PARP
inhibitors mainly includes two factors. PARP inhibitors can
inhibit the activity of PARP enzymes and prevent DNA single-
strand repair. PARP inhibitors can also stabilize the structure
of DNA-PARP complexes and hinder their separation. This
process, also known as trapping, results in long-term existence
of DNA-PARP complexes that inhibit subsequent DNA repair
processes (Murai et al., 2014). The exact mechanisms by which
PARP inhibitor induces MDS and AML are unknown and may
be multifaceted. Myeloid neoplasms, including MDS and AML,
are heterogeneous diseases with multiple potential molecular
abnormalities, characterized by high chromosomal instability,
which is considered to be caused by the wrong DNA damage
repair mechanism (Esposito and So, 2014). PARP family
proteins play an important role in maintaining
hematopoietic function, and the regulation of the expression
of PARP family proteins differs between acute myelogenous
leukemia cells and healthy cells (Gil-Kulik et al., 2020). PARP
inhibitors can lead to acquired mutations with clonal
hematopoiesis in the circulatory system through DNA-
damaging reactions, thereby increasing the risk of MDS and
AML. Additionally, PARP inhibitors may also cause off-target
epigenetic changes that can result in MDS and AML through
potential clonal hematopoietic transformations (Bolton et al.,
2020). Besides, there were interactions between breast cancer
susceptibility protein 1 or 2 (BRCA1 or BRCA 2) mutations
and Fanconi Anemia proteins in the homologous
recombination pathway. Some data suggest that BRCA
deficiency may increase the risk of MDS/AML (Friedenson,
2007). These molecular studies might help explain some of the
myeloid symptoms reported by patients using PARP inhibitors.
Furthermore, concomitant medications should also be
considered because the use of alkylating agents,
topoisomerase inhibitors, platinum drugs, and bevacizumab
has been reported to significantly increase the risk of MDS/
AML (Shenolikar et al., 2018; Morton et al., 2019). According
to information in the FAERS and EV databases, PARP
inhibitors were mostly used for ovarian cancer treatment,
and the common concomitant medications for PARP
inhibitors were carboplatin and paclitaxel. Platinum-and-
paclitaxel-based chemotherapy is the standard first-line
chemotherapeutic regimen for ovarian cancer. Therefore, we
cannot rule out the possibility that the combination of PARP
inhibitors and chemotherapy drugs might increase the risk of
MDS and AML. Overall, the mechanism of PARP inhibitors

causing MDS/AML still needs to be further studied by relevant
studies.

In addition, the results of the three signal mining methods
showed that olaparib had the highest signal values for MDS and
AML compared with those of other PARP inhibitors, indicating
that olaparib had stronger associations with MDS and AML. it is
difficult to explain the discrepancies between various PARP
inhibitors, cases of olaparib-induced MDS have been noted in
clinical practice (Moore et al., 2018). Some insights on the
pharmacodynamic characteristics of PARP inhibitors have
shown that olaparib among PARP inhibitors has a
submifromolar potency on the PARP protein family (Thorsell
et al., 2017), as increased PARP trapping has been proved to be
associated with high myelosuppression (Hopkins et al., 2019). It
remains to be further confirmed whether these characteristics of
olaparib are likely to be highly correlated with MDS and AML,
and the head-to-head comparison clinical studies are needed in
the future.

Third, we observed that the prognoses of MDS and AML were
not optimistic, leading to as high as 30% mortality and life-
threatening rates, especially the universal mortality rates was
39.23 and 45.39% in the FAERS database. This result is similar
to the finding reported in a recent study based on the WHO
pharmacovigilance database (45.2%) (Morice et al., 2021). Even
more worrisome, a SEER study reported that MDS/AML-related
mortality can be as high as 78% (Morton et al., 2019). We should
increase clinical vigilance regarding PARP inhibitor associations
with MDS and AML. If the patient has persistent cytopenias,
further investigations are recommended, including bone marrow
analysis and blood samples for cytogenetics, and consideration of
discontinuation of PARP inhibitors. If MDS or AML is
confirmed, PARP inhibitors must be discontinued. American
Society of Clinical Oncology guidelines also suggest that
evaluations of treatment related MDS and AML should be
initiated in patients with persistent cytopenia despite drug
withdrawal (Tew et al., 2020).

Fourth, the timing of AE occurrence varies for each PARP
inhibitor, and our study indicated that the risk of MDS/AML
usually emerged after long-term treatment, which is in line with
the results of previous studies (Mirza et al., 2016; Pujade-Lauraine
et al., 2017). Care should be taken when prescribing these drugs for
long-term use. Specifically, the first 1 year can be considered the
“critical pharmacovigilance window” for olaparib and niraparib.

In this study, the detection signals of PARP inhibitor-related
MDS and AML in two international pharmacovigilance databases
were analyzed by the ROR, PRR and BCPNNmethods, which can
reflect the safety of drugs in the real world to a certain extent.
However, we acknowledge several inherent limitations in our
study. First, the incidence of adverse events could not be
calculated due to the lack of overall drug use data. Second,
although ROR, PRR and BCPNN are quantitative signal
detection methods, they are only simple indicators of potential
safety problems and can only indicate whether there is statistical
correlation between drugs and AEs. Third, the spontaneous AE
reports in the databases are arbitrary and biased and can include
characteristics such as underreporting and missing information,
which could also have affected the results.
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Despite these limitations, the findings of this study indicate
potential safety problems regarding the development of MDS and
AML when using PARP inhibitors. Such adverse reactions are
rare but lethal, and these results can provide a reference for
clinical workers in the use of PARP inhibitors.

CONCLUSION

In this study, the results indicated that the use of PARP inhibitors
may lead to MDS and AML toxicity, and the potential
associations of olaparib were stronger. In addition, MDS and
AML often occur in patients with long-term medication use, and
their mortality rates are high. It was suggested that clinicians
should pay more attention to the risk of MDS and AML when
using PARP inhibitors. Our findings provide objective evidence
for the postmarketing safety of PARP inhibitors.
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External Evaluation of Population
Pharmacokinetic Models of Busulfan
in Chinese Adult Hematopoietic Stem
Cell Transplantation Recipients
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Objective: Busulfan (BU) is a bi-functional DNA-alkylating agent used in patients
undergoing hematopoietic stem cell transplantation (HSCT). Over the last decades,
several population pharmacokinetic (pop PK) models of BU have been established, but
external evaluation has not been performed for almost all models. The purpose of the study
was to evaluate the predictive performance of published pop PKmodels of intravenous BU
in adults using an independent dataset from Chinese HSCT patients, and to identify the
best model to guide personalized dosing.

Methods: The external evaluation methods included prediction-based diagnostics,
simulation-based diagnostics, and Bayesian forecasting. In prediction-based
diagnostics, the relative prediction error (PE%) was calculated by comparing the
population predicted concentration (PRED) with the observations. Simulation-based
diagnostics included the prediction- and variability-corrected visual predictive check
(pvcVPC) and the normalized prediction distribution error (NPDE). Bayesian forecasting
was executed by giving prior one to four observations. The factors influencing the model
predictability, including the impact of structural models, were assessed.

Results: A total of 440 concentrations (110 patients) were obtained for analysis. Based on
prediction-based diagnostics and Bayesian forecasting, preferable predictive performance
was observed in the model developed by Huang et al. Themedian PE%was -1.44%which
was closest to 0, and the maximum F20 of 57.27% and F30 of 72.73% were achieved.
Bayesian forecasting demonstrated that prior concentrations remarkably improved the
prediction precision and accuracy of all models, even with only one prior concentration.

Conclusion: This is the first study to comprehensively evaluate published pop PK models
of BU. The model built by Huang et al. had satisfactory predictive performance, which can
be used to guide individualized dosage adjustment of BU in Chinese patients.

Keywords: busulfan, population pharmacokinetic model, external evaluation, hematopoietic stem cell
transplantation, precision medicine
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1 INTRODUCTION

Busulfan (BU) is a bi-functional DNA-alkylating agent used in
conditional regimens in patients undergoing hematopoietic stem
cell transplantation (HSCT) (Lawson et al., 2020). It is usually
combined with other chemotherapeutic drugs, such as
cyclophosphamide, cytarabine, and fludarabine (Chen et al.,
2018; Khalil et al., 2018). It can dampen the immune system
response to avoid graft rejection and provide conditions favorable
for the implantation of normal hematopoietic stem cells.

Both the U.S. Food and Drug Administration (FDA) and
European Medicines Agency (EMA) recommend an initial
intravenous BU dose of 0.8 mg/kg for adults every 6 h for
4 days. The distribution of BU in adults is very rapid with an
average half-life of 0.051 h (Hassan et al., 1994). BU is conjugated
with glutathione (GSH) followed by intramolecular
rearrangement to the GSH analog γ–glutamyl-dehydroalanyl-
glycine (EdAG), which is mainly catalyzed by the enzyme
glutathione S-transferase (GSTs) in the liver (Gibbs et al.,
1996; Scian and Atkins, 2015). A high inter-individual
variability is observed in the elimination half-life, varying from
0.97 to 7.2 h (Grochow et al., 1989). The excretion of unchanged
drug into the urine is less (about 1–2%) (Ehrsson et al., 1983;
Hassan et al., 1989).

BU has a narrow therapeutic window. Fifty percent inter- and
intra-individual variability in pharmacokinetics (PK) has been
reported in the literature (Hassan, 1999; Veal et al., 2012; Paci
et al., 2014; Marsit et al., 2020). Studies have shown that area
under the concentration-time curve (AUCss) or plasma
concentration (Css) at steady-state is closely associated with
the efficacy and toxicity (Bartelink et al., 2009; Ansari et al.,
2014; Bartelink et al., 2016; Feng et al., 2020; Hill et al., 2020).
Based on the plasma pharmacokinetics of BU, therapeutic drug
monitoring (TDM) is recommended to improve engraftment
(Kanda, 2018; Takachi et al., 2019). There is no recommended
therapeutic window for BU in China now. FDA suggests that
AUC of BU should be between 900–1,350 ± 5% μmol/L × min,
while a therapeutic range of 900–1,500 μmol/L × min is
recommended by EMA with every 6-h dosing (Nguyen et al.,
2004; Palmer et al., 2016). The Practice Guidelines Committee of
the American Society of Blood or Marrow Transplantation
(ASBMT) also highlights the necessity for BU TDM (Bubalo
et al., 2014; Tesfaye et al., 2014). It emphasizes that personalized
BU dosing needs to be considered to minimize sinusoidal
obstruction syndrome, lower graft rejection, and relapse rates
(Bubalo et al., 2014). TDM guided BU dosing is routinely
conducted in some institutions (Philippe et al., 2016; Shukla
et al., 2020).

There are usually two ways to adjust dosing. First is the
conventional PK-guided dose adjustment routinely performed
in the clinical practice. AUC or Css can be calculated either by
multiple pharmacokinetic samples (at least five samples) or a
reliable limited sampling strategy (LSS) (Malär et al., 2011; Davis
et al., 2019). Dosage can be adjusted by comparing the current
AUC or Css with the target values. LSS has the advantage of
predicting AUC with 2-4 samples (Huang et al., 2017; Teitelbaum
et al., 2020). Recently, personalized dosing strategy based on

population pharmacokinetic (pop PK) model coupled with
Bayesian forecasting has become popular (Chaivichacharn
et al., 2020; Gil Candel et al., 2020). It can obtain individual
PK parameters with 1-2 concentrations per patient to get the
individualized dosing via maximum a posteriori (Thomson and
Whiting, 1992). It can overcome the inconvenience of multiple
sampling. Many computer programs with built-in pop PKmodels
have emerged (Felton et al., 2014; Ramos-Martin et al., 2017;
Frymoyer et al., 2020; Kantasiripitak et al., 2020). These kind of
computer-assisted decision tools usually have a user-friendly
interface for application by physicians or pharmacologist.

Over the last decades, several pop PK models of BU have
been developed (Nguyen et al., 2006; Salinger et al., 2010; Choe
et al., 2012; Choi et al., 2015; Wang et al., 2015; Su et al., 2016;
Wu et al., 2017; Huang et al., 2019; Sun et al., 2020), while
differences exist between the various models. When these pop
PK models are applied to guide individualized dosing in
Chinese or other ethnic populations, the accuracy of their
prediction needs to be explored and then only the fully
validated model can be used to guide drug dosing. This
study aimed to evaluate the predictive performance of the
published intravenous BU pop PK models in adults. In order to
identify which model is the best choice to guide personalized
dosing in Chinese HSCT patients, the external predictability of
the models was assessed using data obtained from Chinese
adult patients undergoing HSCT in our center.

2 METHODS

2.1 Review of the Published Pop PK Studies
An extensive literature search was performed using PubMed,
China National Knowledge Infrastructure (www.cnki.net), and
Wanfang Data (www.wanfangdata.com.cn) for studies up to
31 October 2020, using the keywords “Busulfan” and
“Population Pharmacokinetics”. Studies were included if
they contained a pop PK model of intravenous BU in adults
and were written in Chinese or English. The reference lists of
the selected literatures should also be checked for additional
studies. If the essential parameters of the pop PK models
(typical value of CL, inter-individual variability of CL, etc.)
were missing, the studies were excluded. On the occasions
where studies were developed with overlapping data or
cohorts, only the one with the largest study cohort was
included. Published pop PK models were re-coded and the
parameters were obtained from the final model in the
literature.

2.2 Software
The external evaluation was conducted with non-linear mixed-
effects modelling software package NONMEM version 7.5
(ICON Development Solutions, MD, United States), using
Pirana 2.9.7 and Perl-speaks-NONMEM (PsN) Toolkit 4.8.1
as the modelling interface. Data handling, visualization and
statistics were performed in R 4.0.0 (R Foundation for
Statistical Computing, Vienna, Austria) and RStudio
1.2.5001 (RStudio Inc. Boston, MA, United States).
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2.3 Study Cohort of External Evaluation
2.3.1 External Dataset
The concentrations of 110 adult patients who received BU
intravenously prior to HSCT at Fujian Medical University
Union Hospital from March 2013 to May 2018 were collected
as the external data. The study protocols were approved by the
Ethics Committee of the Fujian Medical University Union
Hospital and written informed consent was obtained from all
the subjects. The demographic characteristics, biochemistry data,
genetic polymorphisms information, and concomitant drugs are
summarized in Table 1.

2.3.2 Dosing Regimen and Sampling
All patients received 0.8 mg/kg of BU every 6 h for 4 or 3 days,
combined with other chemotherapeutic drugs
(Cyclophosphamide, Fludarabine, etc.) as the conditional
regimens prior to HSCT. Oral phenytoin (5–10 mg/kg/d)
was given to prevent seizures. Cyclosporin was administered
intravenously before transplantation. Anti-emetics and

antifungal drugs were used during chemotherapy,
depending on the actual clinical situation.

The dosage of BU with an infusion over 2 h was determined
based on the adjusted ideal body weight (AIBW) which was
calculated using the following formulas: IBW = height2 × 22/
10,000 and AIBW = IBW+0.25 × (ABW-IBW). If actual body
weight (ABW) ≤ IBW, ABW would be equal to IBW (Wu et al.,
2017). Intensive blood samples were collected from 28 patients at
0.5, 1, 2, 3, 4, 5 and 6 h after the start of the first dose infusion as
well as pre-infusion of the fifth dose and 2 h after the start of the
fifth dose infusion. Considering the convenience of clinical
practice, a limited sampling strategy was conducted in the
other 82 patients at 1, 3, and 5 h after the start of the first
dose. A total of 440 concentrations were obtained for analysis.
The plasma concentrations of BU were determined using high-
performance liquid chromatography-mass spectrometry (HPLC-
MS/MS). The calibration standards were linear over
concentrations ranging from 0.05 to 2.5 μg/ml. The lower limit
of detection was 3 ng/ml at which the signal level of BU reached at
least 3 times the signal noise of the baseline. The single nucleotide
polymorphism (SNPs) of GSTs were determined by matrix-
assisted laser desorption/ionization-time of flight (MALDI-
TOF-MS).

2.4 External Evaluation
2.4.1 Prediction-Based Diagnostics
The relative prediction error (PE%) was calculated by
comparing the population predicted concentration (PRED)
with the observations (OBS) using the Eq. A. If PEs% departed
from the normal distribution, the median prediction error
(MDPE, median PE%) was calculated to reflect accuracy.
Meanwhile, the median absolute prediction error (MAPE,
median |PE|%) was used to indicate precision. The
percentage of PE% falling within the ±20% and ± 30% (F20,
F30) were computed to represent combination index of
accuracy and precision (Mao et al., 2018). The candidate
model was considered to be clinically acceptable when the
standards of MDPE≤±15%, MAPE≤30%, F20 > 35% and F30 >
50% were reached.

PE% � (PRED −OBS
OBS

)×100 Equation (A) (1)

2.4.2 Simulation-Based Diagnostics
The prediction- and variability-corrected visual predictive
check (pvcVPC) and the normalized prediction distribution
error (NPDE) were executed for the simulation-based
diagnostics. The pvcVPCs were simulated by the PsN
toolkit. The dataset was simulated for 2000 times (Zhao
et al., 2016). The 95% confidence intervals (CI) for the
median and the 5th and 95th percentiles of the simulations
were calculated and compared with the prediction- and
variability-corrected observations. NPDE contains four
statistical tests (Wilcoxon signed rank test, Fisher test,
Shapiro-Wilks test, and Global test) to verify whether
NPDE follows a standard normal distribution N (0,1). The

TABLE 1 | Demographics of external dataset.

Mean ± SD/N (%) Range

Demographic
WT (kg) 62.6 ± 12.1 42.0–100
AIBW (kg) 59.0 ± 7.93 42.0–75.3
IBW (kg) 60.8 ± 5.94 47.5–73.7
BSA (m2) 1.69 ± 0.186 1.31–2.19
BMI (kg/m2) 22.6 ± 3.74 14.04–33.80
Age (years) 34.8 ± 11.9 19–65
Gender (M/F) 60/50 —

Height (cm) 166.1 ± 8.12 147–183
Biochemistry
Serum creatinine (μmol/L) 58.9 ± 16.8 25.0–117
Creatinine clearance (mL/min) 134 ± 36.1 62.9–245
Aspartate transaminase (IU/L) 27.7 ± 15.9 6–100
Alkaline phosphatase (IU/L) 62.0 ± 18.3 28.0–129
Gamma glutamyl transferase (IU/L) 38.2 ± 39.2 8.0–288
Serum albumin (g/L) 38.8 ± 5.19 28.0–49.7
Lactic dehydrogenase (IU/L) 229 ± 104 90.0–607
Total bilirubin (μmol/L) 13.27 ± 7.90 1.90–57.3
Alanine transaminase (IU/L) 38.3 ± 34.7 6.0–165

Genetic polymorphisms in GSTA1
a,b

GG (aAaA) 58 (52.7%) —

GA (aAaB) 14 (12.7%) —

AA (aBaB) 0 (0%) —

Diagnosisb

Acute myeloid leukemia (AML) 44 (40.0%) —

Acute lymphoblastic leukemia (ALL) 34 (30.9%) —

Chronic myeloid leukemia (CML) 10 (0.09%) —

Myelodysplastic syndrome (MDS) 10 (0.09%) —

Miscellaneous 12 (10.9%) —

Concomitant drugb

Tropisetron 13 (11.8%) —

Palonosetron 99 (90.0%) —

Phenytoin (PHT) 98 (89.1%) —

Micafungin sodium 19 (17.3%) —

Voriconazole (VOR) 20 (18.2%) —

Cyclosporine A (CSA) 67 (60.9%) —

aThirty-eight patients in external dataset have no genetic polymorphisms information.
bThe category variables such as genetic polymorphisms in GSTA1, diagnosis, and
concomitant drug are presented as n (%).
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results of NPDE were output by R software statistically and
graphically.

2.4.3 Bayesian Forecasting
The Maximum a Posterior Bayesian (MAPB) forecasting was
used to evaluate the effect of previous observations on model
predictability (Zhang et al., 2019). A total of 107 patients with ≥3
observations were included in the evaluation. The individual
predictions (IPRED) of observation for all patients were
predicted by giving one to four prior observations,
respectively. The individual PE% (IPE%) was computed by the
following Eq. B. Similar to prediction-based diagnostics, median
IPE% (MDIPE), median absolute IPE% (MAIPE), F20 and F30 of
IPE% (IF20, IF30) were computed to reflect the overall prediction
performance of the model.

IPE% � (IPRED − OBS
OBS

)×100 Equation(B) (2)

2.5 Impact of Structural Model and
Covariates
All structural models of the published studies had been
generalized owing to the considerable effect on the prediction.

Their impacts on the predictive performance were evaluated with
or without major significant covariates. The covariates were
screened using a stepwise method, which is consistent with the
published pop PK studies. Three evaluation methods, the
predication- and simulation-based diagnostics, and Bayesian
forecasting, were applied.

3 RESULTS

3.1 Reviews of the Published Pop PK
Analyses
A total of nine BU pop PK studies were published (Nguyen et al.,
2006; Takama et al., 2006; Salinger et al., 2010; Choe et al., 2012;
Choi et al., 2015; Wang et al., 2015; Su et al., 2016; Huang et al.,
2019; Sun et al., 2020). Two studies were excluded. One was due
to missing key parameters, another one involved inter-occasion
variability but the sampling times were in the ninth and 13th
dose, which is different from the external dataset (Nguyen et al.,
2006; Takama et al., 2006). Seven studies were eventually retained
for evaluation (Salinger et al., 2010; Choe et al., 2012; Choi et al.,
2015; Wang et al., 2015; Su et al., 2016; Huang et al., 2019; Sun
et al., 2020) and the details are listed in Table 2. Three of them
were performed in China (Su et al., 2016; Huang et al., 2019; Sun
et al., 2020), two in Korea (Choe et al., 2012; Choi et al., 2015), and

TABLE 2 | Summary of published population pharmacokinetic studies of busulfan in adult hematopoietic stem cell transplantation recipients.

Study
(publication
year)

Country
(single/
Multiple
sites)

Number
of Patients

(Male/
Female)

Sampling
schedule
(number

of
samples)

Bioassay Structural
model

PK Parameters
and formula

BSV(%) Residual
error

Choi et al. (2015) Korean
(Single)

36 (21/15) IS(101) HPLC/
MS/MS

1-CMT CL = 11.0 × (BW/60)
0.843×e(−0.161) ×GSTA1 (L/h)

14.7 15.3%

Choi et al. (2015) Vd = 42.4 (L) 25.6
Wang et al. (2015) The U.S.

(Multiple)
207(NA) IS(2,454) NA 1-CMT CL = 7.74 × (BSA −2.0) + 12.7

(L/h)
13.7 8.65%

Wang et al. (2015) Vd = 32.8 × (BSA −2.0) + 50.3
for male (L)

9.49

Vd = 32.8 × (BSA −2.0) + 46.3
for female (L)

—

Choe et al. (2012) Korean
(Single)

60 (37/23) IS(295) LC/MS/MS 1-CMT CL = 0.947 × ABW0.5 (L/h) 16 6.3%
Choe et al. (2012) Vd = 3.610 × ABW0.5×(1 + SEX

× 0.105) (L)
9

Salinger et al. (2010) (Salinger
et al., 2010)

The U.S.
(Single)

37 (21/16) IS(777) GC/MS 1-CMT CL = 0.179 (L/h/kg) 19.7 8.6%
Vd = 0.723 (L/kg) 15.6 14.06 ng/ml

Huang et al. (2019) (Huang
et al., 2019)

China (Single) 20 (11/9) IS(280) LC/MS/MS 1-CMT CL = 12.02 (L/h) 15 20.3%
Vd = 50.94 (L) 19

Sun et al. (2020) China (Single) 43 (32/11) IS(488) LC/MS/MS 1-CMT CL = 14.2 × (1 + (-0.214)×
GSTA1 (L/h)

14.6 -14.1%

Sun et al. (2020) Vd = 64.1 (L) 16.7
Su et al. (2016) China (Single) 35 (23/12) IS + LS(NA) HPLC 2-CMT CL = 8.11 × (WT/50)0.726 ×

1.39SEX (L/h)
18.9 136.01 ng/

ml
Su et al. (2016) V1 = 24.9×(CRE/53)0.507×(WT/

50)1.35 (L)
31.1

Q = 22.2 (L/h) 69.2
V2 = 28.1 (L) 43.3

CRE, creatinine; WT/BW, body weight; BSA, body surface area; CL, clearance; ABW, actual body weight; 1-CMT, one-compartment model; 2-CMT, two-compartment model; HPLC,
high performance liquid chromatography; LC/MS/MS, liquid chromatography tandem-mass spectrometry; GC, gas chromatographywithmass selective detection; IS, intensive sampling;
SS, sparse sampling; LS, limited sampling; BSV, between-subject variability; NA, not available.
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two in the United States (Salinger et al., 2010; Wang et al., 2015).
Only one study was a multicenter study (Wang et al., 2015). Six
pop PK models were fitted with one compartmental model (1-
CMT) (Salinger et al., 2010; Choe et al., 2012; Choi et al., 2015;
Wang et al., 2015; Huang et al., 2019; Sun et al., 2020), and only
one was fitted with two compartmental model (2-CMT) (Su et al.,
2016). The covariates involved in the published final CL models
were body weight (BW), body surface area (BSA), serum
creatinine (Scr), GSTA1 genotype, and gender (SEX). BW, as
the most recognized covariate, was incorporated in three pop PK
models (Choe et al., 2012; Choi et al., 2015; Su et al., 2016). There
were two pop PK studies that found no covariates impacting CL
(Salinger et al., 2010; Huang et al., 2019). In two studies, the
relationship between GSTA1 genotype and CL was taken into
consideration, and GSTA1 genotype was incorporated into their
model (Choi et al., 2015; Sun et al., 2020). The typical CL and V of
a 60–65 kg male varied from 7.3–14.2 L/h and 30.9–64.1 L,
respectively. This discrepancy across the seven studies needs
further investigations.

3.2 External Evaluation
3.2.1 Prediction-Based Diagnostics
The prediction-based diagnostic results were shown in Table 3.
Five of seven models met all the criteria (MDPE ≤ ±20%, MAPE
≤30%, F20 ≥ 35%, and F30 ≥ 50%) (Salinger et al., 2010; Choi et al.,
2015; Su et al., 2016; Huang et al., 2019; Sun et al., 2020). Taking
both accuracy and precision into account, the model developed
by Huang et al. (2019) showed preferable predictive performances
compared to the others. The model yielded a MDPE of -1.44%,
which was the closest to 0. The maximum F20 (57.27%) and F30
(72.73%) were also achieved.

3.2.2 Simulation-Based Diagnostics
Four models showed an un-ignorable difference between the
observations and simulations in pvcVPC (Salinger et al., 2010;
Choe et al., 2012; Wang et al., 2015; Sun et al., 2020). The model
developed by Choi et al. (Choi et al., 2015) and Huang et al. (Huang
et al., 2019) performed better than the other models in pvcVPC
(Figure 1). Regarding the standard normal distribution of NPDE,
NPDEplot of themodel by Salinger et al. (Salinger et al., 2010) seemed

to be better than other models as shown in Figure 2. However,
Supplementary Table S2 presented the results of four statistical tests,
model built by Choi et al. passedWilcoxon signed rank test and Fisher
test, the other models only passed one statistical test (p ≥ 0.05). No
model satisfied all statistical test, which means all models failed in
NPDE diagnostics.

3.2.3 Bayesian Forecasting
Figure 3 contains box plots of IPE% with Bayesian forecasting for
seven published pop PK models in different scenarios (Salinger
et al., 2010; Choe et al., 2012; Choi et al., 2015; Wang et al., 2015;
Su et al., 2016; Huang et al., 2019; Sun et al., 2020). The results
demonstrated that prior concentrations, even one prior
concentration, improved the prediction precision and accuracy
of all models, which was exhibited by the narrower range of IPEs,
as well as the median of IPEs being closer to 0. Two or three prior
concentrations could achieve better results. The IPRED of the
model by Huang et al. (2019) demonstrated the most accurate
result. With two prior concentrations, the IF20 and IF30 were 69
and 85%, respectively.

3.3 The Impact of Structural Models and
Covariates
The structural models published included the 1-CMT and 2-CMT
models. The above two covariate-free structural models were first
developed and evaluated. The 1-CMTmodel fits well with the external
dataset due to a small OFV value and low variability of the PK
parameters. Covariates involved in the published pop PK studies
(BSA, BW, Scr, GSTA1 genotype, and SEX) were screened using a
stepwise method. BSA was successfully included in the model based
on a p-value of less than 0.05. Incorporation of other covariates in the
model showed no significant amelioration. The results are
summarized in Figure 4, 5.

4 DISCUSSION

In our study, the external predictability of seven published
intravenous BU pop PK models in adults (Salinger et al., 2010;

TABLE 3 | Results of prediction-based diagnostics.

Models PEmin (%) PEmax (%) MDPE (%) MAPE (%) F20 (%) F30 (%)
Published studies
Choi et al. (2015) −79.51 508.58 10.36 19.33 51.82 66.59
Wang et al. (2015) −77.98 609.49 25.59 27.23 36.82 54.77
Choe et al. (2012) −71.71 766.42 63.57 63.90 11.59 18.18
Salinger et al. (2010) −64.59 943.19 −10.36 25.04 41.36 57.05
Huang et al. (2019) −83.12 538.23 −1.44 16.25 57.27 72.73
Sun et al. (2020) −86.24 409.11 −19.25 24.20 42.27 61.36
Su et al. (2016) −80.37 480.88 −10.36 22.97 42.73 66.14

Impact of model structure
1-CMT (Base Model) −82.75 557.73 2.16 16.93 55.45 70.91
1-CMT+BSA −82.68 511.25 0.78 15.74 57.73 71.59
2-CMT (Base Model) −81.52 573.23 7.35 19.31 50.68 68.41
2-CMT+BSA −81.41 519.43 5.47 17.54 55.68 70.45

PEmin, the minimal of prediction error; PEmax, the maximum of prediction error; MDPE (%), median prediction error; MDAE (%), median absolute prediction error; F20 (%) and F30 (%) the
percentage of prediction error ≤ ±20% and ± 30%, respectively; 1-CMT, one-compartment model; 2-CMT, two-compartment model; BSA, body surface area.
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Choe et al., 2012; Choi et al., 2015; Wang et al., 2015; Su et al.,
2016; Huang et al., 2019; Sun et al., 2020) was explored using an
independent dataset, which contained 110 patients with 440

observations. To the best of our knowledge, no similar
research on BU has been published yet. All model has
consistent performance in the statistical tests of NPDE.

FIGURE 1 | Prediction- and variability-corrected visual predictive check (pvcVPC) plots of seven published population pharmacokinetic models (Salinger et al.,
2010; Choe et al., 2012; Choi et al., 2015; Wang et al., 2015; Su et al., 2016; Huang et al., 2019; Sun et al., 2020). The middle dashed line represents the median
prediction- and variability-corrected predictions. The middle semitransparent field represents a simulation-based 95% confidence interval (CI) for the median. Upper and
lower dash lines represent the corrected observed 95th and fifth percentiles and semitransparent fields represent a simulation-based 95%CI for the corresponding
model predicted percentiles. The solid lines represent the median, 95th and 5th percentiles of observations.

FIGURE 2 | Quantile–quantile plots (the distribution of the NPDE against theoretical distribution) of seven published population pharmacokinetic models (Salinger
et al., 2010; Choe et al., 2012; Choi et al., 2015; Wang et al., 2015; Su et al., 2016; Huang et al., 2019; Sun et al., 2020).
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Overall, based on the results of prediction-based and Bayesian
forecasting, the model built by Huang et al. (Huang et al., 2019)
has satisfied predictive performance, which can be used to guide
individualized dosing of BU in our center. Bayesian forecasting
suggested that predictive accuracy would be improved by giving
one or two prior concentrations, which indicated that the
qualified published models can potentially guide personalized
dosing in Chinese population.

With the progress of dose individualization, decision-making
systems have been developed rapidly in recent years (Mould et al.,
2016), with the characteristics of clinical compliance and

predictive accuracy. The decision-making system can be
designed by different forms, such as computer programs, web
platforms, and applications (APPs) (Barrett et al., 2008; Hope
et al., 2013; Shukla et al., 2020). They are easy to use and
incorporate over 20 drugs, covering populations ranging from
neonate to adult. For BU individualized dose adjustment, the
computer programs BestDose (http://www.lapk.org/bestdose.
php), DoseMe (https://doseme-rx.com/), and the web platform
InsightRX (https://www.insight-rx.com/), NextDose (https://
www.nextdose.org/) are available. All of them estimate
parameters by Bayesian algorithm, but using different pop PK

FIGURE 3 |Box plots of individual relative prediction error (IPE%) with Bayesian forecasting for seven published population pharmacokinetic models (Salinger et al.,
2010; Choe et al., 2012; Choi et al., 2015; Wang et al., 2015; Su et al., 2016; Huang et al., 2019; Sun et al., 2020) in different scenarios (0 represents prediction without
prior information and 1-4 represents with prior one to four observations, respectively). In scenario n, prior n observations were used to estimate the individual prediction
and it was then compared with the corresponding observation.

FIGURE 4 | Box plots of relative prediction error (PE%) for two structural models with or without covariates. Black solid line and dotted lines are reference lines
indicating PE% of 0%, ±20% and ±30%, respectively. 1-COM, one compartmental model; 2-COM, two compartmental model; BSA, body surface area.
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models. Before applying the pop PKmodel for BU in our center, it
is necessary to externally validate the model based on
institutional data.

BestDose choose a non-parametric population model of BU
for individual patient therapeutic drug dose management. The
model was developed in pediatric patients, using the Non-
Parametric Adaptive Grid algorithm in the Pmetrics package
for R. Therefore, we didn’t include it in our study. A
population pharmacokinetic model by (Long-Boyle et al.,
2015) for children ≥12 kg was implemented in InsightRX
and available. NextDose’s recommendations use the model
by (McCune et al., 2014). The above two models were built in
patients ranged from infants to adults. The age range of our
dataset was 19–65 years old. It may be more appropriated to
evaluated them using pediatric patients. DoseMeRx supports a
couple of drug models for BU. For adult, model built by
(Salinger et al., 2010) is applied, which has been external
evaluated in our study. However, it didn’t show satisfactory
predictive performance. This maybe explain by the differences
between the model development dataset (White population)
and the external evaluation dataset (Chinese population).
Generally speaking, the models developed in a similar
population might have a superior predictive performance
with external dataset because of similar ethnic background
with parallel genotypes, prescribing and dietary habits. This
helps to explain the superiority of the model built by Huang
et al., which was developed in Chinese population.

Three diagnostics are usually used to evaluate the predictive
performance of the published pop PK models. Prediction-based
diagnostics is a useful method to assess the correlation of
observations and simulations. The criteria are typically set as
MDPE ≤ ±20%, MAPE ≤30%, F20 ≥ 35% and F30 ≥ 50% in the
literature (Deng et al., 2013; Zhao et al., 2016). Simulation-based
diagnostics include pvcVPC and NPDE. Compared with
traditional VPCs, pvcVPC is readily applicable to data from
studies with a prior and a posteriori dose adaptation
(Bergstrand et al., 2011). Both pvcVPC and NPDE could allow
us to correctly detect a misspecification of the model. Bayesian
forecasting is usually used to adjust dosage in clinical practice
with prior observations (Bhattacharjee, 2014).

With these diagnostics, the pop PK models showed
different predictive performance in Chinese HSCT
patients. Several factors, such as the incorporated
covariates, the incorporated ways of covariates, and the
characteristics of participants, may impact the predictive
ability of pop PK models. In the published pop PK studies
of BU, the most recognized covariate impacting CL was body
size. BW/IBW/adjusted ideal body weight (AIBW)/body
surface area (BSA)/body mass index (BMI) can be
classified as body size (Wang et al., 2015), but just one of
them can be incorporated in the formula theoretically due to
collinearity. Trame et al. suggested allometric BW model and
BSA model as a preferred choice for BU dosing in children,
which is consistent with the study of Anderson and Holford

FIGURE 5 | Box plots of individual relative prediction error (IPE%) with Bayesian forecasting for two structural models with or without covariates in different
scenarios (0 represents prediction without prior information and 1-4 represents with prior one to four observations, respectively). In scenario n, prior n observations were
used to estimate the individual prediction and it was then compared with the corresponding observation. 1-COM, one compartmental model; 2-COM, two
compartmental model; BSA, body surface area.
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(Anderson and Holford, 2008; Trame et al., 2011).
Commonly used dosing regimen maybe based on BSA
because it is most frequently used by clinicians and
pharmacists in pediatric oncology (Trame et al., 2011).
With regards to the structural model, we found that
adding BSA to the base model significantly improved the
predictive ability, the final model was CL = 11.7 × (BSA/
1.69)1.05. This is consistent with the previous findings (Choe
et al., 2012; Choi et al., 2015; Su et al., 2016). BU is mainly
catalyzed by GSTs and GSTA1 is the main GST isoenzyme.
Most of studies focused on the relationship between GSTA1

gene polymorphism and PK of BU, patients with the GSTA1

*A/*B genotype had an 8–27% lower CL than GSTA1 *A/*A
group (Ansari et al., 2013; Yin et al., 2015; Ansari et al., 2016).
However, some studies showed no association between BU
exposure and GSTA1 genotype (Zwaveling et al., 2008; Ansari
et al., 2010; Yin et al., 2015), the results remain debatable.
Therefore, pharmacogenomics-based dosing of BU was not
recommended by the Practice Guidelines Committee of
ASBMT (Bubalo et al., 2014). It should be noted that
gender was incorporated as a covariate of CL in one pop
PK study and as a covariate of volume of distribution (Vd) in
two pop PK studies. According to Ansari et al. (2016), the
relationship between GSTA1 and first BU dose PK depended

on sex and Pesaro risk classification. This result may be
explained by the difference in cytosolic GST activity
between females and males (Miyagi et al., 2009).

In the seven published pop PK models, only the one built
by Su et al. was two-compartment model. This may due to
differences in PK sampling times. Most pop PK studies
sampled at 0.5 h after the end of the infusion with the
possibility of missing the fast distribution phase, while the
sampling schedule in Su et al. was 0.25, 0.5, 1, 2, 2.25, 2.5, 3, 4,
and 6 h after the start of the infusion for dose 1 or 9. If
sufficient samples are collected in the fast distribution phase,
the pop PK model may be developed as a two-compartment
model. Another PK study with a dense sampling scheme also
confirmed that BU fits a two-compartment model with a very
rapid distribution phase (t1/2α = 0.05 h), (Hassan et al., 1994).
Given that the first sampling time in the external dataset was
0.5 h after the end of infusion, one-compartment model fitted
better with our dataset. The LnDV vs. TIME plot was showed
in Figure 6. The disposition for most individuals were
observed a single slope.

Although the model built by Huang et al. was established
based on a small population (20 subjects) and incorporated no
covariates, it showed good predictability with our dataset of 110
patients. The reason may be found in the structural model of our

FIGURE 6 | The LnDV vs. Time plot for external dataset. The middle solid blue line represents the mean LnDV. The semitransparent fields represent a 90%
confidence interval for the mean.
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dataset, in which the only incorporated covariate was BSA.
However, the exponent for effect of BSA on CL was 1.05,
much close to 1. In addition, the BSA range in Chinese
patients is usually not wide. It can be considered that the
impact of BSA on CL was not influential. Therefore, it could
be accepted to guide individualized dosage adjustment of BU in
Chinese patients because of the satisfied evaluation results.

It is important to explore the predictive ability of the
published pop PK models in patients with extreme weight
and specific GSTA1 genotypes, because it is usually these
subjects with these extreme characteristics that need to adjust
the dose. We examined the predictive performance of the
models using obese patients (BMI ≥ 24, 31 subjects) and
patients with GSTA1 *A/*B genotype (14 subjects). Similarly,
the model built by Huang et al. showed better predictive
performance than other models. For example, the MDPE was
6.21%, and the maximum F20 (64.57%) and F30 (77.35%) were
also achieved in obese patients.

The Practice Guidelines Committee of ASBMT pointed
that fludarabine, deferasirox, and metronidazole affected
intravenous BU CL (Palmer et al., 2016). When BU was
combined with oral or intravenous metronidazole, BU CL
decreased by 46 and 57%, respectively (Gulbis et al., 2011;
Chung et al., 2017). Fludarabine slightly affected the
intravenous BU CL, with an average of 9.7% reduction
(Yeh et al., 2012). However, others didn’t get the same
results (Russell et al., 2002; de Lima et al., 2004). Co-
administration with deferasirox led to a 1.5 times higher
AUC (Sweiss et al., 2012). Phenytoin was usually used to
prevent seizures when conditioning. It is reported that
phenytoin had a higher CL of oral BU, however, the effect
of phenytoin upon intravenous BU is limited (Kangarloo
et al., 2012; Beumer et al., 2014). The effect of the
conditioning regimen on BU CL was investigated by
Huang et al. during the model development, but no
significant change was observed (Huang et al., 2019).

The application of the Bayesian approach for dosage
individualization has proven to be of value in clinical
practice for several drugs (Brooks et al., 2020; Guo et al.,
2020). It has the advantage of minimizing the need for
monitoring of plasma drug concentrations, such as patient
blood loss, pain and the cost of determining plasma drug
concentration of multiple samples. For Bayesian forecasting, it
is important to choose the most appropriate pop PK models
and optimal sampling times for dosage prediction (Brooks
et al., 2016). Based on the results of Bayesian forecasting,
model built by Huang et al. (Huang et al., 2019) had better
predictive performance. It can be considered as a qualified
model to guide individualized dosing in our center. It seems
that two prior concentrations are enough because more prior
concentrations no longer improve predictive accuracy. The
precision of prediction with four prior observations was
decreased in our results, which might be due to lack of
adequate patients with ≥ 5 observations.

Based on the model built by Huang et al. (2019), the dosage
adjustment strategy for Chinese HSCT patients will execute
as follows. Firstly, the initial dose will be calculated by typical

CL times AUCtarget, which can be determined by physicians.
Secondly, two blood samples will be collected randomly after
the end of the first dose infusion and the measured
concentrations will be used to get the individual CL
(CLind) through Bayesian forecasting using NONMEM
software. Lastly, the dosage will be adjusted by multiplying
CLind by AUCtarget.

The study has some limitations, including the lack of
subjects with enough intensive samplings, as well as the fact
that all the subjects came from the same center. A portion of
the subjects had no genetic polymorphism information.
Further studies are needed to increase the number of
subjects and study centers, which would be helpful to get a
more persuasive conclusion.

In conclusion, a total of seven published BU adult pop PK
models were externally evaluated using an independent dataset
from patients undergoing HSCT in our center. Based on
prediction-based diagnostic and Bayesian forecasting, the
model developed by Huang et al. (2019) showed accurate
predictive performance. It can be built into computer
programs to guide personalized dosing in our center.
Further studies are needed to evaluate its performance in
other centers in China. Bayesian forecasting indicated a
potential application of quantified pop PK models to guide
dosage adjustment. Based on the obvious differences between
the adult model and the pediatric model, further external
evaluation of pop PK models of BU in pediatrics is planned
to be conducted.
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