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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
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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, to measure 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

10.3389/fonc.2022.1053211

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 RACI-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
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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

Xia He"?*, Pingli Yao 3!, Mengting Li"? Hong Liang "2, Yilong Liu? Shan Du’? Min Zhang®*,
Wenzhuo Sun®, Zeyuan Wang®, Xin Hao’, Ze Yu®, Fei Gao®, Xinxia Liu"?* and
Rongsheng Tong 2*
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2Personalized Drug Therapy Key Laboratory of Sichuan Province, School of Medicine, University of Electronic Science and
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Chinese Medicine, Chengdu, China, °Xi’an Jiaotong-liverpool University, Xi’an, China, ®Beijjing Medicinovo Technology Co. Ltd.,
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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 (o < 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 evaluation metrics 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 (Erculj 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 >18years 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
MTX metabolism 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 (MTHEFR),
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 (SLCOI1B1) 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
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Patients with acute lymphoblastic leukemia from
Sichuan Provincial People's Hospital from
October 2015 to August 2018

(0=137)

Included:
1) Han children aged 1-16 years in
hospitalization used CCLG-2008

chemotherapy regimen;

2) Patients had completely relieved
after induction therapy, and were in the
consolidation of HD-MTX
treatment;

3) Liver and kidney function indexes
were normal before HD-MTX treatment
4) Parents or guardians agreed to sign
the informed consents.

phase

Excluded (n=62):

1) Patients with
myelosuppression  (or  anemia),
gastrointestinal reactions, rash, liver
injury, other hematological diseases
before HD-MTX treatment;
2) Patients with
contraindications.

severe

MIX

Eligible patients (n=75)

Discarded (n=5):
Patients having missing data.

Final patients (n=70)

dose methotrexate.

FIGURE 2 | Flowchart of patient inclusion. Abbreviations: CCLG-2008, Chinese Children’s Leukemia Group-2008 protocols; MTX, methotrexate; HD-MTX, high-

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/m” to the patients in the medium- and high-
risk grades, dosage of MTX was 2.0 g/m” 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
23.5h. After HD-MTX administration, leucovorin (Jiangsu
Hengrui Pharmaceutical Co., LTD., National Drug Approval
Number H32022391, 100 mg/dose) was administered at
15 mg/m® per time as rescue therapy to reduce the toxicity at
42, 48, and 54 h, respectively, until MTX blood concentration was
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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, SLCOI1BI, FPGS, GGH, SHMTI, 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/ul; purity (Azeo 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 152806283, 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), SLCOIBI and ApoE
gene test kit (National Instrument Approval License 20153400245;
Wuhan Youzhiyou Medical Technology Co., LTD.). Primers and
probes were designed and synthesized by Wuhan Youzhiyou Medical
Technology Co., LTD., which is illustrated in Supplementary Table
S1. PCR reaction system (25 pl): DNA template 1 pl and amplification
reagent 24 ul (including PCR buffer, dNTPs, specific primer and
probe, internal primer and probe, Taq enzyme, UNG enzyme);
reaction  conditions: pretreatment at 37°C for 10 min,
predenaturation at 95°C for 5 min, denaturation at 95°C for 155,
annealing at 60°C for 60 s (MTHFR and MTRR)/45s (SLCOIBI), a
total of 40 cycles. We purchased TagMan™ single nucleotide
polymorphism (SNP) Genetyping Assays to detect loci: SLCO1BI

Liver Injury in Leukemia Children

rs11045879 (ID: C_31106904_10), FPGS 1511545078 (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 ul): DNA template 1 pl, Master Mix 12.5 pl,
20xTagqMan SNP Genotyping Assay working fluid 1.25pl,
supplemented with ddH20 25 pl; reaction conditions: pretreatment
at 60°C for 20 s, predenaturation at 95°C for 5 min, denaturation at
95°C for 5 s, annealing at 60°C for 60 s, a total of 40 cycles; extended at
60°C for 5 min.

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 §; of each variable in ridge
regression was weighted through the following formula:

/\. _ dl — i p
B = roun (min(|ﬁ1 ..... K|) )

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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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, m?, median (IQR) 0.9 (0.6-1.3)
BMI, kg/m?, median (IQR) 16.8 (156.7-18.8)
MTX information
Dose, g, median (IQR) 4.0 (2.5-5.0)
Cagn, Umol/l, median (IQR) 0.39 (0.25-0.64)
Caen after dose correction, umol/l, median (IQR) 0.13 (0.08-0.28)
Czon < 0.1 ymol/L, n% 37 (562.9%)
C7on > 0.1 pmol/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, 10%/L, 3.3 (2.3-5.5)
median (IQR)
NEU count_1 day before MTX administration, 10%L, 1.5 (0.8-2.7)
median (IQR)
LYM count_1 day before MTX administration, 10%L, 1.2 (0.8-1.6)
median (IQR)
EOS count_1 day before MTX administration, 10%/L, 0.019
median (IQR) (0.000-0.078)
BASO count_1 day before MTX administration, 10%/L, 0.010
median (IQR) (0.000-0.030)
RBC count_1 day before MTX administration, 10'%/L, 3.2 (2.7-3.7)
median (IQR)
PLT count_1 day before MTX administration, 10%L, 239.5
median (IQR) (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, umol/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 (69.0-57.5)
Globin/Albumin_1 day before MTX administration, median (IQR) 2.1 (1.7-2.4)
ALP_1 day before MTX administration, U/L, median (IQR) 1565.0
(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, umol/L, median (IQR) 9.6 (6.7-15.8)
DBIL_1 day before MTX administration, umol/L, median (IQR) 3.1 (2.3-4.3)
IBIL_1 day before MTX administration, umol/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.

Liver Injury in Leukemia Children

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, -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 children with ALL were 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 median MTX
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 detailed MTX plasma concentration
values are shown in Supplementary Table S2. The median ALT and
AST tested 1day before HD-MTX treatment were 220 (IQR
14.0-36.8) U/L and 320 (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 #-tests and chi-square
tests is illustrated in Table 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.), including age, MTRR_AA, MTRR_AG,
SLCO1BI1_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, which were MTRR_AG (1.349), SLCO1B1_11045879_CC
(0.963), albumin_1day before MTX administration (0.730),
MTRR_AA (0.558), age (0.443), IBIL 1day before MTX
administration (0.348), and LYM count_1day 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
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TABLE 2 | Basic information and distribution of genotypes.

Genes (RS Genotype N (%)
no.)
MTHFR (rs1801133) CC 25 (35.7%)
CT 37 (52.9%)
T 8 (11.4%)
MTHFR (rs1801131) AA 38 (54.3%)
AC 28 (40.0%)
CC 4 (5.7%)
SLCO1B1 (rs11045879) CC 10 (14.3%)
CT 37 (562.9%)
T 23 (32.9%)
SLCO1B1 (rs2306283) AA 2 (2.9%)
AG 24 (34.3%)
GG 44 (62.9%)
SLCO1B1 (rs4149056) T 54 (77.1%)
CT 12 (17.1%)
CC 4 (5.7%)
FPGS (rs1544105) CC 10 (14.3%)
CT 25 (35.7%)
T 35 (50.0%)
GGH (rs11545078) GG 65 (92.9%)
AG 5 (7.1%)
AA 0 (0.0%)
SHMT1 (rs1979277) GG 59 (84.3%)
AG 11 (15.7%)
AA 0 (0.0%)
DHFR (rs408626) TT 4 (5.7%)
CcT 37 (52.9%)
CC 29 (41.4%)
MTRR (rs1801394) AA 31 (44.3%)
AG 32 (45.7%)
GG 7 (10.0%)

Liver Injury in Leukemia Children

Allele Frequency Hardy-Weinberg
equilibrium
X2 P
C 0.62 1.07 0.59
c? 0.71
T 0.38
T 0.29
A 0.74 0.15 0.93
A? 0.84
C 0.26
c? 0.16
C 0.41 0.63 0.73
c? 0.45
T 0.59
T 0.55
A 0.20 0.36 0.84
A2 0.21
G 0.80
G® 0.80
T 0.86 6.3 0.04
T 0.88
C 0.14
c? 0.12
C 0.32 2.3 0.32
c? 0.31
T 0.68
T 0.70
G 0.96 0.1 0.95
G* 0.92
A 0.04
A? 0.08
G 0.92 0.51 0.78
G? 0.95
A 0.08
A2 0.05
T 0.32 3.14 0.21
T 0.35
C 0.68
c? 0.65
A 0.67 0.09 0.96
A? 0.73
G 0.33
G* 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.

Py > .05 showed data was accord with the Hardy-Weinberg equilibrium.
Abbreviations: RS, reference single nucleotide polymorphism.

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, SLCOIBI_11045879_CC, albumin_1 day
before MTX administration, and IBIL 1day 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, the majority 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 i of each
predictor was weighted and estimated. After that, the risk-score
calculation formula for liver injury was obtained as follows:

Frontiers in Pharmacology | www.frontiersin.org

14

September 2021 | Volume 12 | Article 726229


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

He et al.

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

Variable

Age

Gender

Height

Weight

Body surface area

BMI

Dosage

Cagn

Cagn after dose correction

C?Qh

Immunophenotype

B-cell

T-cell

Others

Risk grade

LR

MR

HR

MTHFR_C677T

cC

CcT

T

MTHFRA1298C

AA

AC

cC

MTRR

AA

AG

GG

SLCO1B1_11045879

cC

CT

T

SLCO1B1*1b (rs2306283_A > G)

AA

AG

GG

SLCO1B1*5 (rs4149056_T > C)

e

C

cC

FPGS (rs1544105_C > T)

cC

CT

T

GGH (rs11545078_A > G)

SHMT1 (rs1979277_A > G)

DHFR (rs408626_T > C)

T

C

cC

WBC count_1 day before MTX administration
NEU count_1 day before MTX administration
LYM count_1 day before MTX administration
EOS count_1 day before MTX administration
BASO count_1 day before MTX administration
RBC count_1 day before MTX administration
PLT count_1 day before MTX administration
Hb_1 day before MTX administration

ALT_1 day before MTX administration
AST_1 day before MTX administration

Cr_1 day before MTX administration

BUN_1 day before MTX administration

t statistics

-1.71
-0.43
-0.52
-0.48
-0.80
-1.45
-0.187
0.471

0.07
0.10
1.07
-1.16
-0.93
0.06
-0.01
-0.69
-0.91
0.88
0.73

2 statistics

0.17

p-value

0.091
0.676
0.671
0.606
0.630
0.426
0.150
0.852
0.639
0.348

0.909
0.969
0.859

0.216
0.594
0.291

0.909
0.667
0.615

0.804
0.678
0.730

0.003
0.001
0.553

0.096
0.147
0.763

0.316
0.951
0.775

0.446
0.969
0.150

0.835
0.676
0.799
0.525
0.259

0.730
0.271
0.202
0.842
0.949
0.019
0.289
0.251
0.363
0.954
0.995
0.494
0.364
0.385
0.465

Liver Injury in Leukemia Children

Odds ratio (95% CI)

1.246 (0.444-3.496)

0.616 (0.223-1.698)

1.063 (0.374-3.019)
1.026 (0.274-3.840)
0.889 (0.242-3.262)

0.726 (0.223-2.362)
1.852 (0.582-5.927)

0.941 (0.331-2.674)
1.246 (0.457-3.398)
0.651 (0.121-3.508)

0.881 (0.324-2.395)
1.239 (0.450-3.412)
0.667 (0.065-6.786)

4.876 (1.657-14.350)
0.143 (0.042-0.487)
1.613 (0.329-7.893)

0.192 (0.023-1.618)
2.131 (0.759-5.979)
0.848 (0.290-2.480)

0.957 (0.901-1.017)
1.033 (0.362-2.950)
1.164 (0.411-3.294)

1.629 (0.461-5.752)
1.026 (0.274-3.840)
0.915 (0.838-0.998)

0.857 (0.200-3.673)
1.246 (0.444-3.496)
0.878 (0.324-2.384)
0.489 (0.051-4.639)
0.402 (0.079-2.036)

0.667 (0.065-6.786)

0.570 (0.208-1.560)
1.925 (0.700-5.294)

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

Liver Injury in Leukemia Children

Variable t statistics X2 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: Cl, confidence interval; 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; MTHFR, methylenetetrahydrofolate reductase; SLCO1B1, solute carrier organic anion transporter 1B1; FPGS, folypolyglutamate synthetase;
GGH, gamma-glutamy! 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 Test cohort (n = 21) p-value
cohort (n = 49)
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 (65.1%) 12 (67.1%)
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

Risk score = 1I*age - 1*albumin_1day before MTX
administration +1 *IBIL_1 day before MTX administration -
25*MTRR_AA- 61*MTRR_AG - 44*SLCO1BI1_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 patients with liver injury among different risk groups was that, in the
training cohort, there was one patient in the LR group, seven patients

in the MR 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
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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.

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 that MTHFR_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 SHMTI 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 resultss, MTRR and SLCOIBI
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 SLCOI1BI polymorphisms and
liver injury risks. In other words, patients with MTRR_AA,
MTRR_AG, and/or SLCOIBI_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 SLCOIBI
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 (RFCI), C3435T in the multidrug-resistance
protein (ABCBI), 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,
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FIGURE 4 | Distribution of patients with liver injury among different risk groups in training and test cohorts. **p < 0.01, indicating significant differences between LR-
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who claimed that MTHFR (C677T and A1298C), TYMS (28 bp and
6 bp-del), SHMT1 (C1420T), ABCBI (C3435T), ABCG2 (C421A),
RFCI (G80A), and SLCO1BI (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-
scoring model 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 IS 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
[IS should be deciphered for the development of therapeutic drugs. This review
summarizes the current knowledge and research progress on lIS.

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.

Frontiers in Oncology | www.frontiersin.org 20

October 2021 | Volume 11 | Article 754891


https://www.frontiersin.org/articles/10.3389/fonc.2021.754891/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.754891/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:clzhang@tjh.tjmu.edu.cn
https://doi.org/10.3389/fonc.2021.754891
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.754891
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.754891&domain=pdf&date_stamp=2021-10-11

Han et al.

Irinotecan-Induced Steatohepatitis

FIGURE 1 | The structure of irinotecan.

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.

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
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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).

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 [3-
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 [3-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

— ROS

Irinotecan

Hepatocyte p38

lysosomal pH

ultimately, which may involve in the pathogenesis of IIS.

|, Alkalinity of Autophagy |
impairment

Mitochondrial
dysfunction |

|, Lipid metabolism
disturbance

FIGURE 2 | The potential mechanisms of IIS. Irinotecan-caused mitochondrial dysfunction and autophagy impairment result in lipid metabolism disturbance
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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 complex mechanism of pathogenesis.
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 Silybum marianum (43). As a natural flavonoid, silymarin
has antioxidative effects and can decrease the oxidative stress in the
liver (44). A study by Marcolino etal. about the effect of silymarin on
I1S in mice 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 (150 mg/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.

Sorafenib

Sorafenib, a multityrosine-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 adverse effect of irinotecan and can increase the
risk of morbidity and mortality in patients with CRCLM. The major
risks and predisposing factors for IIS include high BMI or obesity,
diabetes, and high-fat diet. Although mitochondrial dysfunction and
autophagy impairment may be involved in the pathogenesis of IIS,
the exact causal mechanisms of IIS have not 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 Yu'", Rui Huang??, Li Zhao®, Ximin Wang’, Xiaofang Shangguan?, Wei Li,
Min Li', Xianguo Yin®, Chengliang Zhang'* and Dong Liu™*

" 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
the market for over 20 years, and there have been a 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 who were 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. Weaimed to investigate the clinical use of OXA, 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.

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
295%. 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%)

(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
ADRSs 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
hypersensitivity 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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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)

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

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
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FIGURE 1 | Severity classification of OXA induced ADRs.

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 specific mechanism involved in OXA-induced
thrombocytopenia; thus, this condition needs further study.
Therefore, medical practitioners should be vigilant about

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/m?> (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

Gastrointestinal disorders

Blood system disorders

Peripheral and Central Nervous system disorders
Systemic disorders and

administration-site conditions

Hepatobiliary disorders

Respiratory disorders

Cardiac disorders

Eye disorders

Skin and subcutaneous tissue disorders
Musculoskeletal and connective tissue disorders
Renal and urinary disorders

Infections and infestations

1575 (42.7) 48(1.3)
949 (25.7) 10 (0.3)
779 (21.1) 18 (0.5)
296 (8.0) 2(0.0)
168 (4.5) 18 (0.5)
186 (5.1) 6(0.2)
11 (0.3) 2(0.0)
902 1(0.0)
4(0.1) 0(0.0)
4(0.1) 0(0.0)
4(0.1) 0(0.0)
3(0.1) 0(0.0)
1(0.0) 1(0.0)
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TABLE 3 | Incidence and severity of most frequently-occurring ADRs.

Major ADRs

Gastrointestinal disorders

Nausea

Vomiting

Diarrhea

Blood system disorders

Leukopenia

Neutropenia

Anemia

Thrombocytopenia

Peripheral nervous system disorders
Paresthesia or disesthesia (hands and feet)
Abnormal hepatic function
Hypersensitivity reactions

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,

ADRs n (%) Serious ADRs n (%)

748 (20.3) 1(0.0
362 (9.8) 5 (0.1
71(1.9) 2(0.0)
637 (17.3) 8(0.2)
445 (12.1) 9(0.2)
258 (7.0) 2(0.0)
207 (5.6) 6(0.2)
211 (5.7) 0(0.0)
186 (5.1) 6(0.2)
118 (3.2) 18 (0.5)

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 OXA might 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 4 | Time to onset, cycle, management and outcome of major ADRs.

Major ADRs Median time to onset, days Median cycle of OXA chemotherapy = Management of OXA- ADRs that recovered or improved,
(range) (range) induced ADRs, % (n) % (n)
Continued Suspended
Gastrointestinal 1(0-8) 3 (1-15) 94.2 (894) 3.2 (30) 94.8 (900)
toxicity
Myelosuppression 5 (1-39) 4 (1-12 92.8 (723) 3.6 (28) 82.5 (643)
Peripheral 1(0-7) 4 (1-15 91.0 (242) 1.54) 96.6 (257)
neurotoxicity
Abnormal hepatic 14 (2-33) 4 (1-11) 95.9 (178) 3.2 (6) 77.5 (144)
function
Hypersensitivity 20min (2-1440min) 6 (1-18) 14.4 (17) 85.6 (101) 100 (118)
reactions
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TABLE 5 | Manifestations of OXA-induced hypersensitivity reactions.

Subjects (total=118)

Symptom Cutaneous

Digestive

Neurologic

Respiratory

Generalized

Cardiovascular

Vision

Anaphylaxis
Others
Grade of severity

The median time of hypersensitivity Reactions in different grades (min)

Management

Discontinuation of oxaliplatin administration

Histamine-receptor 1 antagonist
Dexamethasone

Oxygen

Subcutaneous adrenaline

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 ADRSs, the effects of other drugs cannot
be completely excluded because OXA is often used in

N (%)
Flushing 57 (48.3)
Itching 57 (48.9)
Rash/Urticaria 27 (22.9)
Nausea 35 (29.7)
Vomiting 21(17.8)
Others 15 (12.7)
Dizziness 7 (5.9)
Numb 24 (20.9)
Laryngeal abnormal 8 (6.8)
Loss of consciousness 4 (3.4)
Dyspnea 5(4.2)
Chest discomfort 45 (38.1)
Wheezing 15 (12.7)
Cough 2(1.7)
Sweating 27 (22.9)
Chills 3(2.5)
Fever 3(2.5)
Hypotension 13 (11.0)
Tachycardia 21 (17.8)
Blurred vision 2(1.7)
Conjunctival congestion 3 (2.5
6 (5.1)
7 (5.9)
1 24 (20.9)
2 76 (64.4)
3 12 (10.2
4 6 (5.1)
1 60 (10-1440)
2 19 (2-180)
3 10 (6-120)
4 22 (2-60)
100 (84.7)
61 (51.7)
72 (61.0)
34 (28.8)
10 (8.5)

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,
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FIGURE 2 | Occurrence time of HSR from the start of OXA infusion.

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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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% ClI) 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 of GGH and DHFR yet.
Two SNPs were statistically associated with the increased risk of HDMTX toxicity: MTHFR
677C>T and hepatotoxicity (dominant, OR=1.52, 95% Cl=1.03-2.23; recessive, OR=1.68,
95% Cl=1.10-2.55; allelic, OR=1.41, 95% Cl=1.01-1.97), mucositis (dominant, OR=2.11,
95% Cl=1.31-3.41; allelic, OR=1.91, 95% CI=1.28-2.85), and renal toxicity (recessive,
OR=8.54, 95% ClI=1.81-6.90; allelic, OR=1.89, 95% Cl=1.18-3.02); ABCB1 3435C>T and
hepatotoxicity (dominant, OR=3.80, 95% Cl=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/m® (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; ¢). 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

Frontiers in Pharmacology | www.frontiersin.org

37

October 2021 | Volume 12 | Article 757464


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

Song et al.

Genetic Polymorphisms and High-Dose Methotrexate

_DHF = DHRR —> THF

Homocysteine

5-Methyl-THF

FIGURE 1 | Cellular metabolic pathway and targets of HDMTX.

5,10-Methennyl-THF

5,10-Methylene-THF

o 7 e = o

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
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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
amaximum of 9 points to studies based on methodological 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

Genetic Polymorphisms and High-Dose Methotrexate

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 vs mm), recessive model (MM vs Mm/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 SLCOIBI 521T>C, T allele at
ABCBI 3435C>T, and so on; m is the wild allele, such that the A
allele at RFC1 80A>G, T allele at SLCOIBI 521T>C, C allele at
ABCBI 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 I* statistics. Pheterogeneity (Phet) values
<0.05 and I” 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. Popgroup (Pewn) <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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v
Studies included in systematic
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2 Studies included in meta-analysis |
(n=31)
—/
FIGURE 2 | PRISMA 2020 flow diagram of studies selection for the systematic review and meta-analysis.

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 (Laverdiére
et al., 2002; Kishi et al., 2003; Seidemann et al., 2006; Shimasaki
et al., 2006; Imanishi et al., 2007; Ruiz-Argiielles 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; Er¢ulj 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;
Yazicioglu 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 RFCI (rs1051266), six studies
SLCOI1BI1 (rs4149056), seven studies ABCBI (rs1045642), one
study FPGS (rs10106), one study FPGS (rs1544105), 26 studies
MTHEFR (rs1801133), 17 studies MTHEFR (rs1801131), six studies
TYMS (rs34743033), and one study ATIC (rs2372536). None of
studies reported the polymorphisms of GGH (rs3758149) and
DHFR (15408626, 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
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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, RFCI (rs1051266) was
associated with a reduced risk of hepatic toxicity and
overall toxicity (in pediatric), while ABCBI (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, RFCI (rs1051266) was
associated with worse 2y-OS and 2y-PFS (in adult), and
SLCOIBI (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

Genetic Polymorphisms and High-Dose Methotrexate

single study of pediatric patients (Laverdiere et al., 2002)
reported RFCI 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 (Pp; = 0.02, I* = 65%). Regarding prognosis
outcomes, qualitative analysis was performed since meta-
analysis was unfeasible. Significant associations were found
between RFCI 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 (Pp. = 0.0008, I* = 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
SLCOIBI (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, 191 (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

Esmaili M
A-2020
Kotur
N-2020

Liu S G-2017

Den Hoed
M-2014

Suthandiram
S-2014
Yanagimachi
M-2013
Chiusolo
P-2012

Faganel K
B-2011
Faganel K
B-2010
Ashton L
J-2009
Imanishi
H-2007
Shimasaki
N-2006
Kishi S-2003

Laverdiere
C-2002
Yang L-2017

Avivi -2014
Fukushima
H-2013
Tsujimoto

S-2016
Ma C X-2015

Country

Iran

Serbia

China

Netherlands

Malaysia
Japan

Italy

Slovenia
Slovenia
Australia
Japan
Japan
America
Canada
China

Israel

Japan

Japan

China

Ethnicity

Caucasian

Caucasian

Asian

Caucasian

Asian

Asian

Caucasian

Caucasian

Caucasian

Caucasian

Asian

Asian

Caucasian

Caucasian

Asian

Caucasian

Asian

Asian

Asian

No.
of
cases

74

148

322

134

71

51

54

64

60

170

26

53

204

105

69

103

56

178

F/M

28/46

54/94

NR

64/70

35/36

25/26

25/29

38/26

37/23

NR

10/16

9/6

23/30

92/112

33/72

20/49

41/62

27/29

72/106

Age (y)

Median 5,
pediatric
Median
55
(0.9-17.6)
Median 4
(1.0-15.0)
Median
5.3
(1.4-18.1)
36.6 +
14.2
Median
5.9 (1-15)
Median
52
(16-78)
Median 5
(1.6-16.8)
Pediatric

Pediatric
6.7 +4.7

Median
6 (1-14)
Median
6 (0-18)
Pediatric

42.5 +
17.9
Median
56
(25-83)
Median
7.43
(0.2-19.2)
Median
5 (0-15)
Median
30
(18-59)

HWE

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Outcome

Tox?,
Prog®
Tox

Tox, Prog

Tox

Tox
Tox

Tox, Prog

Tox

Tox, Prog
Prog

Tox

Tox

Tox

Tox, Prog
Tox

Tox

Tox, Prog

Tox

Tox, Prog

RFC1/ SLCO1B1 ABCB1 FPGS MTHFR MTHFR TYMS/MS ATIC NOS
SLC19A1 score
80 A>G 521 T>C 3435 C>T 2752G > A, 677 C>T 1298 2R>3R 347 C>G
rs1051266 rs4149056 rs1045642 rs1544105; rs1801133 A>C rs34743033 rs2372536
1994 rs1801131
A>G,
rs10106

AG 7 Tox T\ Prog TTN Prog  ACN\ Tox 7
G\ Tox NS° NS NS 7
NS CCN\ Prog NS 7
NS NS NS NS 8
G\ Tox T, Tox TT 7 Tox NS 8
NS NS NS 6
GG\ Prog NS C~\ Tox 8
NS NS T, Tox NS 3R\ Tox 8
NS 8
GG\ Prog NS 8
NS NS 8
G~ Tox NS 8
NS NS 7
GG\ Tox, 7
GG Prog

C Tox 1994 8

A>G NS
C\ Tox NS NS NS 9
NS T, Tox C . Prog, 8
C Tox
NS NS NS 8
T Tox 8
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TABLE 2 | (Continued) Main characteristics and NOS scores of the studies included

Author-year

Chae H-2020

Chang
X-2021
Giletti-2017
Yazicioglu
B-2017
Choi Y
J-2016

ErculjN-2014

Erculj,
N-2012

Haase
R-2012
D’Angelo
V-2011

Liu S G-2011
Ruiz-Arg elles
G J-2007

Seidemann-
2006

Huang
Z-2016
Oosterom
N-2017
Radkte
S-2013

Note: 7 increase; \.: reduce.

Abbreviation:
aTox: toxicity.

Country

Korea
China

Uruguayan
Turkey

Korea

Slovenia

Slovenia

Germany
Italy
China

Mexico

Austria,
Germany,
Switzerland
China

Netherlands

Germany

bProg: prognosis.

°NS: no significant association between the genetic polymorphisms and the outcomes.

Ethnicity

Asian

Asian

Caucasian
Caucasian

Asian

Caucasian

Caucasian

Caucasian

Caucasian

Asian

Caucasian

Caucasian

Asian

Caucasian

Caucasian

No.
of
cases

17

32

41
106

11

29

167

34

151

181

28

484

57

108

499

F/M

35/82

11721

12/29
39/67

53/58

4/25

87/80

1717

48/103

66/115

7/21

144/340

26/31

49/59

204/295

Age (y)

Median
9 (6-13)
>14

36 + 13.9
Median
5 (1-17)
Median
60
(17-86)
Median
11 (1-8)
Median
4.7
(0.3-18)
71+438

Pediatric

5.7+ 3.6
Mean
16.5
(0-40)
Pediatric

59+43
Median

5.7 (1-18)
6.4 +4.0

HWE Outcome

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

RFC1/ SLCO1B1 ABCB1 FPGS MTHFR MTHFR TYMS/MS ATIC
SLC19A1
80 A>G 521 T>C 3435 C>T 2752G > A, 677 C>T 1298 2R>3R 347 C>G
rs1051266 rs4149056 rs1045642 rs1544105; rs1801133 A>C rs34743033 rs2372536
1994 rs1801131
A>G,
rs10106
Tox TT ~Tox NS
Tox TT ~Tox
Tox NS
Tox, Prog NS NS NS
Tox T ~Tox
Tox T,/ Tox NS NS
Tox, Prog NS NS NS
Tox NS NS
Prog TTNProg NS
Tox NS C\Tox
Tox NS
Prog NS
Prog 2752
AA ~Prog
Tox NS
Tox, Prog CCNProg  3R\Tox

NOS
score
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A

Hepatic toxicity
GG/AG vs AA
GG vs AG/AA
GvsA

G3-4 Hepatic toxicity #

GG/AG vs AA

Renal toxicity
GG/AG vs AA
GG vs AG/AA
GvsA

Mucositis
GG/AG vs AA
GG vs AG/AA
GvsA

G3-4 Mucositis #
GG/AG vs AA
GG vs AG/AA
GvsA

Neurotoxicity #
GG/AG vs AA
GG vs AG/AA
GvsA

G3-4 Neurotoxicity #
GG/AG vs AA
GG vs AG/AA
GvsA

Gl toxicity #
GG/AG vs AA
GvsA

Overall toxicity #
GG/AG vs AA
GG vs AG/AA
GvsA

Therapeutic interference #

GG/AG vs AA

GG vs AG/AA

GvsA
Relapse #

GG/AG vs AA

GG vs AG/AA

GvsA
2y-PFS (HR) *

GG vs AG/AA
2y-0S (HR) *

GG vs AG/AA

No. of studies

Favours Exposure | Favours Comparison Pooled OR or HR (95% Cl)

——
—
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+oH
——
H——
——
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0.01 0.1 1 10 100

# Only the data of pediatrics is available
* Only the data of adults is available

B

Hepatic toxicity
CC/TCvsTT
Renal toxicity #
CC/TCvsTT
G3-4 Mucositis #
CC/TCvsTT
CCvs TC/TT
CvsT
Gl toxicity #
CCvs TC/TT
Overall toxicity *
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Relapse #
CC/TCvsTT
5y-EFS (HR) #
CCvs TC/TT
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—
-
Lo
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# Only the data of pediatrics is available
* Only the data of adults is available

-

10 100

0.62 (0.33t0 1.16)
0.35 (0.16 to 0.76)
0.77 (0.48 to 1.21)

0.38 (0.04 to 3.29)

0.93 (0.41t0 2.10)
0.73 (0.21 to 2.56)
0.91 (0.49 to 1.70)

0.91(0.54 t0 1.52)
0.9 (0.60t0 1.61)
0.90 (0.61 t0 1.32)

1.17 (0.54 t0 2.52)
0.95 (0.53 t0 1.70)
0.97 (0.58 t0 1.62)

1.22(0.46 t0 3.28)
1.08 (0.51t0 2.27)
1.07 (0.58 to 2.00)

0.52 (0.16 to 1.66)
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0.65 (0.29 to 1.49)
0.34 (0.12 t0 0.91)
0.70 (0.39 t0 1.26)
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2.15(0.63 t0 7.35)
1.13 (0.55 to 2.34)
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2.55(0.56 t0 11.67)
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No. of studies Favours Exposure | Favours Comparison Pooled OR or HR (95% Cl)
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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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No. of studies  Favours Exposure | Favours Comparison Pooled ORor HR (95%Cl)  Phet (%)

Hepatic toxicity

TT/CTvs CC 3 —— 3.80 (1.68 to 8.61) 0.29 18.0

TTvs CT/CC 2 - 1.91(0.89 to 4.09) 017 48.0

TvsC 2 H— 1.61(0.89 t0 2.90) 0.26 210
Renal toxicity *

TTvs CT/CC 1 —— 0.71(0.19 to 2.62) NA NA
Mucositis

TT/CT vs CC 3 - 0.82(0.48 t0 1.41) 0.19 39.0

TTvs CT/CC 2 — 0.79 (0.41 to 1.54) 024 27.0

TvsC 2 - 1.01(0.63 to 1.62) 0.74 0.0
G3-4 Mucositis #

TT/CT vs CC 1 -o— 1.72 (0.86 to 3.44) NA NA

TTvs CT/CC 1 ——i 1.02 (0.40 to 2.59) NA NA

TvsC 1 o 1.01(0.58 t0 1.78) NA NA
Neurotoxicity #

TT/CTvs CC b3 —— 0.91(0.36 to 2.33) 0.89 0.0

TT vs CT/CC 2 —H 0.59(0.24 t0 1.47) 0.50 0.0

TvsC - —— 0.81(0.36 to 1.80) NA NA
Gl toxicity *

TT/CT vs CC 1 — 0.75 (0.36 to 1.57) NA NA
Overall toxicity *

TT/CTvs CC 1 —y— 0.86 (0.32t0 2.31) NA NA

TT s CT/CC 1 —— 1.63 (0.43 10 6.19) NA NA

TvsC 1 —— 1.02(0.47t0 2.24)0 NA NA
Therapeutic interference #

TT/CT vs CC 1 —— 0.80 (0.29 t0 2.24) NA NA

TT vs CT/CC 1 ——— 0.60(0.2110 1.77) NA NA

TvsC 1 —— 0.83 (0.39 to 1.76) NA NA

0.01 0.1 1 10 100
#Only the data of pediatrics is available
* Only the data of adults is available

D No. of studies  Favours Exposure | Favours Comparison Pooled OR or HR (95%Cl)  Phet (%)
Hepatic toxicity

TT/CTvs CC 9 o+ 1.52 (1.03 t0 2.23) 0.01 60.0

TTvs CT/CC 8 > 1.68 (1.10 to 2.55) 0.08 45.0

TvsC 7 4 1.41(1.01t0 1.97) 0.69 0.0
G3-4 Hepatic toxicity

TT/CTvs CC 3 —— 0.16 (0.06 to 0.41) 0.004 82.0

TTvs CT/CC 3 —— 1.29(0.57t0 2.91) 0.08 45.0

TvsC 2 —— 0.89(0.47 t0 1.67) 0.83 0.0
Renal toxicity

TT/CTvs CC 4 o 1.84(0.92 t0 3.69) 0.07 58.0

TTvs CT/CC 4 —— 3.54 (1.81 t0 6.90) 01 53.0

TvsC 4 - 1.89 (1.18t0 3.02) 0.38 3.0
G3-4 Renal toxicity #

TT/CTvs CC 1 —_—— 2.33(0.221024.92) NA NA
Mucositis

TT/CTvs CC 9 o 2.11(1.31t0 3.41) <0.00001 79.0

TTvs CT/CC 9 . 1.52 (0.95 to 2.41) 0.07 46.0

TvsC 8 2 2 1.91 (1.28 to 2.85) <0.00001 82.0
G3-4 Mucositis #

TT/CT vs CC 3 —— 1.23(0.53 to 2.85) 0.29 19.0

TTvs CT/CC 1 — 0.52(0.02 t0 11.03) NA NA

TvsC 1 ——t—t 0.35(0.04t03.37) NA NA
Gl toxicity

TT/CTvs CC 3 —— 0.82(0.36 t0 1.87) 0.57 0.0

TTvs CT/CC 4 —o— 1.37(0.59 t0 3.16) 0.38 20

TvsC 3 —— 0.89 (0.39 to 2.06) 0.67 0.0
G3-4 Gl toxicity #

TT/CT vs CC 1 —1 ¢————  251(0.101066.20) NA NA

TTvs CT/CC 1 [ERE D — 1.73 (0.06 to 48.17) NA NA

TvsC 1 —_—l— 1.56 (0.09 to 26.47) NA NA
Dermal toxicity #

TT/CTvs CC 1 ——e —— 7.82(0.4510135.41) NA NA

TTvs CT/CC 1 —— 1.93(0.58 10 6.43) NA NA

TvsC 1 —e— 1.64 (0.62 t0 4.32) NA NA
Neurotoxicity #

TT/CTvs CC 2 ;_‘_q 0.81(0.38t01.73) 0.14 55.0

TTvs CT/CC 3 —— 0.94 (0.29 t0 3.10) 0.25 290

TvsC 1 —e— 0.40 (0.15 t0 1.06) NA NA
G3-4 Neurotoxicity #

TT/CTvs CC 2 —y— 0.90 (0.24 to 3.40) 0.53 0.0

TTvs CT/CC 1 —————  5.38(0.301095.06) NA NA

TvsC 1 —y— 0.90(0.21t0 3.77) NA NA
Overall toxicity *

TT/CTvs CC 1 ——— 0.57(0.21t0 1.58) NA NA

TTvs CT/CC 1 —y— 0.85 (0.16 to 4.55) NA NA

TvsC 1 —— 0.82 (0.38 to 1.76) NA NA
Therapeutic interference #

TT/CTvs CC 1 —— 3.40 (131 t0 8.87) NA NA

TTvs CT/CC 1 —— 3.79(0.92 to0 15.68) NA NA

TvsC 1 —— 2.24(0.97 t05.16) NA NA
Relapse/Death #

TT/CTvs CC 2 —— 0.81(0.44 t0 1.52) 0.77 0.0

TTvs CT/CC 1 —— 3.08 (1.38 to 6.88) NA NA

TvsC 1 e 1.17 (0.65 to 2.10) NA NA
Sy-EFS (HR) #

TT/CTvs CC 2 H 0.83 (0.56 to 1.25) 0.56 0.0

TTvs CT/CC 1 — 0.63 (0.29 to 1.35) NA NA
RFS (HR) #

TT/CT vs CC 1 — 0.70 (0.32 to 1.54) NA NA
05 (HR) #

TT/CTvs CC 1 —— 1.10(0.47 to 2.57) NA NA

0.01 0.1 1 10 100

#Only the data of pediatrics is available
* Only the data of adults is available

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 (rs1807133) and HDMTX-related outcomes under three genetic models.
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E No. of studies  Favours Exposure | Favours Comparison Pooled OR or HR (95% Cl)  Phet 12 (%)
Hepatic toxicity
CC/ACvs AA 8 2 0.70 (0.47 to 1.03) 0.29 18.0
CCvs AC/AA 7 —— 1.12 (0.61 to 2.05) 0.78 0.0
CvsA 5 l‘bl 0.88 (0.56 to 1.37) 0.94 0.0
G3-4 Hepatic toxicity #
CC/ACvs AA 2 l——.—l 2.89(0.44 10 19.03) 0.86 0.0
CCvs AC/AA 1 —_— 2.17 (0.18 t0 26.29) NA NA
CvsA 1 ——— 1.63 (0.36 to 7.43) NA NA
Renal toxicity
CC/AC vs AA 3 l—’- 0.61(0.32t01.13) 0.76 0.0
CCvs AC/AA 2 —— 0.79 (0.14 to 4.40) 0.07 70.0
CvsA 2 b—’—( 0.41(0.18 to 0.97) 0.59 0.0
G3-4 Renal toxicity #
CC/ACvs AA g ——— 0.68 (0.09 to 5.49) NA NA
Mucositis
CC/AC vs AA 7 o 0.77(0.51t0 1.17) 0.76 0.0
CCvs AC/AA 6 —H 0.70 (0.33 to 1.47) 030 18.0
CvsA 4 r’ 0.73 (0.46 to 1.15) 0.98 0.0
G3-4 Mucositis #
CC/AC vs AA i —— 0.99 (0.18 to 5.45) 0.54 0.0
CCvs AC/AA 1 b—’ﬁ 14.00 (1.23 to 158.84) NA NA
CvsA 1 l—-.—l 1.56 (0.20 to 12.05) NA NA
Gl toxicity #
CC/ACvs AA 1 0—‘——| 0.45 (0.02 to 11.82) NA NA
CCvs AC/AA 3 |—’——< 0.54(0.18 to 1.64) 0.70 0.0
CvsA b 5 b—‘-—c 0.66 (0.04 t0 11.12) NA NA
G3-4 Gl toxicity #
CC/AC vs AA 1 — 2.23 (0.08 to 58.81) NA NA
CCvs AC/AA 1 D——.—l 2.19(0.08 to 62.33) NA NA
CvsA 1 L — . — 1.53 (0.09 to 25.90) NA NA
Dermal toxicity #
CC/ACvs AA 1 ——— 0.09 (0.01t0 1.53) NA NA
CCvs AC/AA : § .—-.—a 1.23 (0.06 to 24.20) NA NA
CvsA 3 —’——1 0.12(0.01 to 2.15) NA NA
Neurotoxicity #
CC/ACvs AA 1 —— 1.42(0.48t0 4.22) NA NA
CCvs AC/AA 2 —l— 1.36 (0.34 t0 5.40) 0.43 0.0
CvsA 1 |—<.~—| 1.15(0.51 to 2.60) NA NA
Overall toxicity *
CC/AC Vs AA 1 —— 0.93 (0.36 to 2.40) NA NA
CCvs AC/AA 1 |——‘—| 2.74 (0.27 to 27.69) NA NA
CvsA : { e ] 1.02 (0.45 to 2.30) NA NA
Therapeutic interference #
CC/AC vs AA : § l-—’—‘ 2.03(0.79105.18) NA NA
CCvs AC/AA ;3 '—.—' 1.21(0.35t04.18) NA NA
CvsA 1 —H— 1.41(0.64 10 3.10) NA NA
Relapse/Death #
CC/ACvs AA 2 o 0.69 (0.36 0 1.32) 0.03 79.0
CCvs AC/AA : & l—.—! 0.78 (0.30 t0 2.01) NA NA
CusA 1 2 & 1.00 (0.58 to 1.72) NA NA
RFS (HR) #
CC/ACvs AA 1 —— 0.50 (0.22 to 1.14) NA NA
0S (HR) #
CC/ACvs AA 1 — 0.63 (0.27 to 1.45) NA NA
0.01 0.1 1 10 100
# Only the data of pediatrics is available
* Only the data of adults is available
F No. of studies Favours Exposure , Favours Comparison Pooled OR or HR (95% Cl)  Phet (%)
Hepatic toxicity #
3R3R/2R3R vs 2R2R 3 o—.--c 0.60 (0.23 to 1.59) 0.75 0.0
Renal toxicity #
3R3R/2R3R vs 2R2R 1 b—‘—l 0.87 (0.22t0 3.42) NA NA
Mucositis #
3R3R/2R3R vs 2R2R 6 l‘i 0.66 (0.47 to 0.94) 0.57 0.0
3R3R vs 2R3R/2R2R 1 — 0.90 (0.42 to 1.90) NA NA
3Rvs 2R 1 |—‘—| 0.81 (0.40to 1.62) NA NA
G3-4 Mucositis #
3R3R/2R3R vs 2R2R 2 2 ol 0.86 (0.46 to 1.60) 0.04 76.0
3R3R vs 2R3R/2R2R : | —— 0.95 (0.33t0 2.72) NA NA
3Rvs 2R 1 —— 1.19 (0.56 to 2.52) NA NA
Neurotoxicity #
3R3R/2R3R vs 2R2R y ——— 2.94(0.55 to 15.83) 0.32 0.0
3R3R vs 2R3R/2R2R 1 r—’—c 2.16 (0.73t0 6.42) NA NA
3Rvs 2R 1 Ho— 1.91 (0.67 to 5.39) NA NA
Overall toxicity #
3R3R/2R3R vs 2R2R 1 —— 0.93 (0.32 to 2.74) NA NA
RFS (HR) #
3R3R/2R3R vs 2R2R 5 |—*-¢ 0.56 (0.24 t0 1.32) NA NA
0S (HR) #
3R3R/2R3R vs 2R2R 1 |—’--‘ 0.59 (0.24 to 1.45) NA NA
EFS (HR) #
3R3R/2R3R vs 2R2R 1 |—’- 0.54 (0.26 t0 1.13) NA NA
N4
0.01 0.1 1 10 100
# Only the data of pediatrics is available
FIGURE 3E-F | (E) Findings of the association between MTHFR (rs1807131) and HDMTX-related outcomes under three genetic models. (F) Findings of the
association between TYMS (rs34743033) and HDMTX-related outcomes under three genetic models.

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
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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 (Erculj 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
(Erculj 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)

Genetic Polymorphisms and High-Dose Methotrexate

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 RFCI
(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 of MTHFR (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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Study or Subgroup Odds Ratio (95%Cl) with Study Removed
1. Pediatrics
Erculj N-2014
Hasse R-2012
Erculj N-2012
Liu S G-2011

Esmaili M A-2020
Fukushima-2013
2. Adults
Chang X-2021
Suthandiram S-2014
Chiusolo P-2012

1.62 (1.09 to 2.40)
1.49 (1.01 t0 2.22)
1.68 (1.1 to 2.53)
1.68 (1.1 to 2.55)
1.70 (1.11 to 2.59)
1.24 (0.80 to 1.92)

1.28 (0.85 to 1.93)
1.40 (0.93 t0 2.11)
1.60 (1.06 t0 2.41)

Odds Ratio (95%Cl) with All Studies

0Odds Ratio (Random Effect Model)
Odds Ratio (Fixed Effect Model)

1.42 (0.75 t0 2.68)
1.52 (1.03 t0 2.23)

Odds Ratio (95%Cl) with Study Removed Heterogeneity with Study Removed

0.

FIGURE 4 | Sensitivity analysis for meta-analysis of the association between MTHFR (rs1801133) and hepatotoxicity under the dominant model.

Favours 677 CT/TT | Favours 677 CC Phet 12 (%)
—i— 0.03 55.0
—— 0.006 64.0
—i— 0.01 61.0
—il— 0.01 61.0
—— 0.01 62.0
i 0.02 57.0
il 0.07 47.0
il 0.01 62.0
—l— 0.008 63.0
Odds Ratio (95%Cl) with All Studies Heterogeneity with All Studies
Phet 12 (%)
—— 0.01 60.0
—— 0.01 60.0
1 1 10

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 RFCI (rs1051266), ABCBI (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 ABCBI 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
etal,, 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 the MTHFR 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: RFCI (rs1051266) and worse
2y-PFS and 2y-OS; SLCOIBI (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 (SLCOIBI 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,
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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
etal,,2014; He etal., 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 ABCBI (Castaldo
et al,, 2011). The ABCBI 3435C>T (rs1045642) mutations can

Genetic Polymorphisms and High-Dose Methotrexate

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
534743033, 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 MTHEFR 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 prognosis®

RFC1 A80G (rs1051266) GG/AG vs AA GG vs AG/AA Gvs A
Hepatotoxicity = N =
G83-4 hepatotoxicity (pediatric) = No data No data
Renal toxicity = = =
Mucositis = = =

G3-4 mucositis (pediatric) = = =
Neurotoxicity (pediatric) = = =
G8-4 neurotoxicity (pediatric) = = =
GI° toxicity (pediatric) = No data =
Overall toxicity (pediatric) = N =
Therapeutic interference (pediatric) = = =
Relapse (pediatric) = =
No data NR°

2y-PFS (adult) No data N

2y-OS (adult) No data N No data NR
By-EFS (pediatric) No data = No data NR
SLCO1B1 T521C (rs4149056) CC/TCvs TT CC vs TC/TT CvsT

Hepatotoxicity = No data No data

Renal toxicity (pediatric) = No data No data

G83-4 mucositis (pediatric) = = =

Gl toxicity (pediatric) No data = No data

Overall toxicity (adult) = = =

Relapse (pediatric) = No data No data

By-EFS (pediatric) No data N No data NR
ABCB1 C3435T (rs1045642) TT/CT vs CC TT vs CT/CC TvsC

Hepatotoxicity 7 = =

Renal toxicity (adult) No data = No data

Mucositis = = =

G3-4 Mucositis (pediatric) = = =
Neurotoxicity (pediatric) = = =
Gl toxicity (adult) = No data No data
Overall toxicity (adult) = = -
Therapeutic interference (pediatric) = = =

EFS =or\ No data No data NR
FPGS A1994G (rs10106) GG/AG vs AA GG vs AG/AA Gvs A

Hepatotoxicity (adult) No data = No data

FPGS G2752A (rs1544105) AA/GA vs GG AA vs GA/AA Avs G

2y-OS (adult) No data Vs No data NR
MTHFR C677T (rs1801133) TT/CT vs CC TT vs CT/CC TvsC

Hepatotoxicity 7 7 V

G8-4 hepatotoxicity N = =

Renal toxicity = 2 7

G83-4 renal toxicity (pediatric) = No data No data

Mucositis 2 = 7

G8-4 mucositis (pediatric) = = =

G8-4 Gl toxicity (pediatric) = = =

Dermal toxicity (pediatric) = = =

Neurotoxicity (pediatric) = = =

Overall toxicity (adult) = = =

Therapeutic interference (pediatric) Ve = =

Relapse/death (pediatric) = 2 =

5y-EFS (pediatric) = = No data (TTvs 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 CvsA

Hepatotoxicity = = =

G3-4 Hepatotoxicity (Pediatric) = = =

Renal toxicity = = N

G83-4 renal toxicity (pediatric) = No data No data

Mucositis = = =

G83-4 mucositis (pediatric) = = =
Gl toxicity (pediatric) = = =
G8-4 Gl toxicity (pediatric) = = =
Dermal toxicity (pediatric) = = =
Neurotoxicity (pediatric) = = =
Overall toxicity (adult) = = =
(Continued on following page)

Frontiers in Pharmacology | www.frontiersin.org 50 October 2021 | Volume 12 | Article 757464


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

Song et al.

TABLE 3 | (Continued) Overall findings

Dominant model

Therapeutic interference (pediatric) =
Relapse/death (pediatric) =
EFS (pediatric)

RFS (pediatric) =
OS (pediatric)

TYMS/MS 2R>3R (rs34743033)
Hepatotoxicity (pediatric)

Renal toxicity (pediatric)

Mucositis (pediatric) N

G3-4 mucositis (pediatric) =
Neurotoxicity (pediatric) =
Overall toxicity (pediatric) =

RFS (pediatric) =

OS (pediatric) =

EFS (pediatric) =

ATIC 347C>G (rs2372536) GG/CG vs CC
Neurotoxicity (pediatric) =

3R3R/2R3R vs 2R2R

Recessive model

No data

No data
No data

3R3R vs 2R3R/2R2R

No data
No data

No data
No data
No data
No data

GG vs CG/CC

Genetic Polymorphisms and High-Dose Methotrexate

Allelic model Other
findings of prognosis®
No data (AC vs CC vs AA) =
(CC vs AA) \

No data NR

No data NR
3R vs 2R

No data

No data

No data

No data NR

No data NR

No data (2R3R vs 3R3R vs 2R2R) =
GvsC

No data

Note: ~: increase; \.: reduce; = no association between the genetic polymorphism and the outcome; = or /: no association or increase; = or\.. no association or reduce.
4Several included studies reported outcomes of prognosis in other genetic models, and we also included these results for narrative analysis in the present review.

bGl: gastrointestinal.
°NR: not reported.

TABLE 4 | Main characteristics of our review and previous meta-analysis

Present Maagdenberg Yaoetal. Oosterom Zhuetal Zhao He et al. Hagleitner Lopez-Lopez Yang
review et al. (2019) et al. (2018) et al. (2014) et al. et al. et al.
(2021) (2018) (2016) (2014) (2013) (2012)
Gene RFC1, SLCO1B1, RFC1,SLCO1B1, MTHFR TYMS MTHFR MTHFR RFC1 MTHFR MTHFR MTHFR
ABCB1, GGH, DHFR, MTHFR,
FPGS, DHFR, TYMS, MTRR,
MTHFR, TYMS, ABCC2, andetc
ATIC
Population  HM® HM, OSP HM ALL® HM, OS HM ALL HM, OS ALL ALL
Age No restriction No restriction No Pediatric Pediatric Adult Pediatric No restriction  Pediatric No
restriction restriction
Outcomes  Toxicity, Mucositis Toxicity, Mucositis Toxicity Toxicity Toxicity Hepatotoxicity =~ Toxicity Toxicity
Prognosis Prognosis
Dose HDMTX No restriction No HDMTX HDMTX No No No restriction  No restriction No
of MTX restriction restriction  restriction restriction
HWE Yes Yes No Yes No No No No restriction  No restriction No
restriction restriction restriction  restriction  restriction restriction
Genetic Dom¢,Rec® Alle Dom, Rec, Alle, Dom Dom Dom, Dom, Dom Alle Rec Dom,
models Overdom? Rec, Rec, Alle, Rec, Alle,
Homo" Homo, Homo
Het'
Date of Dec 2020 Aug 2019 Jan 2018  Oct 2017 Aug 2016  Sep 2015  Sep 2013  Dec 2010 Nov 2011 Sep 2011
search
Studies 34 57 17 8 14 6 15 7 24 14
included
Abbreviation:
@HM: hematological malignancies.
0S: osteosarcoma.
CALL: acute lymphoblastic leukemia.
9pom: dominant model
°Rec: recessive model.
"Alle: allelic model.
90verdom: overdominant model.
"Homo: homozygote model.
'Het: heterozygote model.
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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 ABCBI 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 ABCBI
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 ABCBI and the increased risk of

Genetic Polymorphisms and High-Dose Methotrexate

HDMTX toxicity. And a tendency of the genes RFCI 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 SLCO1BI. Current studies are often
underpowered and unfit to investigate the genetic association of
prognosis outcomes. We conclude that genotyping of MTHFR
and/or ABCBI 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
SOATT1 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 SOATI 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.

Rate Limiting Enzymes in GC

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 x expression value of SOAT1) + (-0.0006 x expression
value of GNE) + (-0.0052 X expression value of UCK2) +
(—0.0087 x expression value of DCK) + (—0.0700 x 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 a more
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 SOATI in GC, we first
examined the SOATI1 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 SOATI was significantly increased in cancerous
tissues compared with the matched normal tissues (1 = 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 = 6.558¢-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,
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corresponding noncancerous tissues (n = 10). (C) Representative IHC images of the TMA probed with the anti-SOAT1 antibody (scale bars = 200 and 50 pm,
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
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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
SOAT] 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
SOAT!1 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 72h (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 SOATI 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
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of SOAT1 in MGC-803 and BGC-823 cells exerted the opposite ~ hepatocellular carcinoma (HCC) and prostate cancer (PCa)
effects (Figure 3H; Supplementary Figure S3D). Collectively, (Tardif et al., 2004; Bemlih et al., 2010; Jiang et al., 2019; Liu
these data indicate the critical role of SOATI in promoting GC et al,, 2021). Herein, we investigated whether avasimibe has
cell proliferation, migration and invasion. an inhibitory effect on GC cells. As shown by the cell viability
curve, avasimibe inhibited the proliferation of GC cell lines in

o L. a dose-dependent manner. The IC50 values of avasimibe in
Inhibitory Effects of Avasimibe on the MGC-803 and BGC-823 cells at 24h were 13.489 and
Proliferation and Metastasis of GC Cells 25.377 uM, respectively. In addition, the respective IC50
Avasimibe, a potent small molecule inhibitor of SOAT1 values at 48 h were 8.811 and 14.208 uM (Figures 4B,C;
(Figure 4A), has been proven to exert anticancer effects  Supplementary Figures S4A,B). Consistent with the CCK-
against many tumors, including glioblastoma (GBM), 8 assay results, avasimibe also decreased the colony-forming
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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
$4D). 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, SREBPI, and
SREBP2) and fatty acid biosynthesis genes (FASN, ACC, and
SCD1) (Figures 5H,I; Supplementary Figures S5C,D). In
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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 ym and 50 pm, 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 um and 50 pm, 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 SOATI 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
VEGEFC 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 6L]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.

Rate Limiting Enzymes in GC

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 30.822uM (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 gRT-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 mTORCI
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-
B-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 SOATI
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.
SOAT], localized in the endoplasmic reticulum, catalyzes the
formation of cholesterol esters (Chang et al., 2006; Chang et al.,
2009). SOATI is frequently upregulated in multiple cancers,
including GBM, HCC and PCa (Geng et al.,, 2016; Gu et al,
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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 pM). (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 VEGFC was measured by gRT-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.

2020; Liu et al, 2021). Previous research demonstrated that
SOAT1 promotes lipid metabolism and tumor growth (Jiang
etal, 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 SOATI 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 SOATI. 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

Frontiers in Pharmacology | www.frontiersin.org

65

November 2021 | Volume 12 | Article 769647


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

Zhu et al.

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-p 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
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
SOAT]1 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.

were

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
FI2K 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 pg/ml streptomycin
(Invitrogen) and incubated in 5% CO, 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, blot and
immunohistochemistry assay.

western

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
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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 48h after
transfection and was added to cell when confluence reached
70%, 48 h later, transduced cells were selected with 1 pg/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 the manufacturer’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-AACt 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 pL 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.
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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
15min and stained with crystal violet for 1h. 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 uM 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 ug/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 x 10*/well, precoated with
50 uL 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 x 10* GC cells suspended
in media without FBS were seeded in the upper chambers coated
with or without 50 uL of Matrigel (BD Biosciences). Then, 600 uL
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-pL 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

Rate Limiting Enzymes in GC

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
VEGEFC 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,
1,000xg) and resuspended in 200 pL 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 x 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.ncinih.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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HLECs Human lymphatic endothelial cells VEGFD Vascular endothelial growth factor D
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LYVE-1 Lymphatic vessel endothelial hyaluronan receptor 1
UCK?2 Uridine-cytidine kinase 2 CM Conditioned medium

DCK Deoxycytidine kinase qRT-PCR Real-time quantitative reverse transcription
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OS Overall survival MTORCI1 mammalian target of rapamycin

IHC Immunohistochemistry UIK1 Unc-51 like autophagy activating kinase 1

TMA Tissue microarray GLS1 Glutaminase 1

HR Hazard ratio ROS Reactive oxygen species

CI Confidence interval LECs Lymphatic endothelial cells

ROC Receiver operating characteristic curve

AUC Area under the curve

TGEF-P 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 Il receptor blockers, B-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 2021 ASCO Guidelines 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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HER?2 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 (NRGI1) 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 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). NRGI1 activates PI3-kinase/Akt and
MAPK/Erk1/2 pathways through ErbB2 phosphorylation

survival
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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 EroB2/4 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 iINOS 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

(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 al, 2006). NRGI1 reduces
contraction without impairing diastole by upregulating NOS
and reducing the effect of B-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

et

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

Author/Date

Jacquinot
et al. (2018)

Yoon et al.
(2019)

Nowsheen
et al. (2018)

Hussain et al.
(2019)

Kaboré et al.
(2019)

Keramida
et al. (2019)

Trial type

Prospective
study

Retrospective
study

Retrospective
study

Retrospective
study

Prospective
study

Prospective
study

Population studies

Patients who received
12 months of trastuzumab

Patients with
trastuzumab-induced left
ventricular

dysfunction (LVD)

Patients with reduced left
ventricular ejection fraction
during using trastuzumab

Patients with reduced left
ventricular ejection fraction
during using trastuzumab

Patients with stage |-l BC
treated with anthracycline
and/or trastuzumab

Patients with consecutive
receiving trastuzumab for
12 months

Number

1631

243

428

160

929

101

Methods

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

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

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

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

Analyzed associations between BMI
and cardiotoxicity using multivariate
logistic regression

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
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Significant

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

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

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

Lower LVEF before trastuzumab
independently predicted
subsequent development of TRC

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

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

References

Jacquinot
et al. (2018)

Yoon et al.
(2019)

Nowsheen
et al. (2018)

Hussain et al.
(2019)

Kaboré et al.
(2019)

Keramida et al.
(2019)

TABLE 2 | Summary of studies for toxicities of HER-2 target drugs.

ERBb2-Targeted drugs

Monoclonal antibody — Trastuzumab

Antibody-drug
conjugates

Tyrosine kinase
inhibitors

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

Anaemia, neutropenia, thrombocytopenia, leukopenia, and

Toxicities

LVEF decreased, HF happened, Arrhythmia

References

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)
van Ramshorst et al. (2016), Tan et al. (2021)

Markham (2021)

(Krop et al. (2014), Pondé et al. (1990), Perez et al. (2017), von
Minckwitz et al. (2019)

Modi et al. (2020)

Bilancia et al. (2007), de Azambuija et al. (2014), Eiger et al. (2020)
Awada et al. (2016), Chan et al. (2016), Martin et al. (2017)

Pertuzumab Neutropenia and diarrhoea
Margetuximab  Diarrhoea, nausea, anaemia and pyrexia
T-DM1 Transient LVEF decreased
DS-8201

interstitial lung disease or pneumonia
Lapatinib Mild diarrhoea and rash
Neratinib Diarrhoea
Tucatinib Diarrhoea and hepatotoxicity

Lee (2020), Shah et al. (2021)
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TABLE 3| Summary of intervening measure. Current interventions are mainly antioxidants, ACER/AEB/BB and new material combination drugs. Antioxidants are made 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
Antioxidant Probucol Rats
Ranolazine Mice
FLX/ALA/SDG Mice
Q(10)+NEs Humans
ACER/ARB/BB ACEI/ARB —
BB —
BB Mice
Statin —
Lipidosome Cells/Humans

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

Function References
ROS|/Myocardial remodeling| PMID:21353471
MMP2/Capase3| PMID:29467663
Antioxidant PMID: 32510147
LTB4/NF-xB/IL-6] PMID: 32764923
RASS|/Myocardial remodeling| PMID: 32777728
Sympathetic nervous | PMID: 32777728
Sirtuin-3|/ROS | PMID: 33529501
GS-SG|/ROS| PMID: 28622591
Cardiotoxicity | PMID: 26759238

(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 >65years (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-DMI-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
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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
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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 (Tnl) 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 (Riiger 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 Tnl 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-xB) and the production of interleukin-1p 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
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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-
Argiielles 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 NGRI/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
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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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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 (Cl) 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 (PDI1), 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; Igbal 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
etal., 2021). At the same time, some analyses showed that the
addition of capecitabine couldn’t affect DFS but improve OS
(Natorietal., 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% Cls.
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%
ClIs, 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 I test statistics. If p < 0.1
or I* > 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.

Adjuvant Effect of Capecitabine for TNBC

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 RCT's were identified after the initial search. The
characteristics were summarized in Tablel. The included RCT's
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 (Chi* = 14.69, P = 0.10, I* = 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 DES 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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Records identified through
database searching
(n=175657)

Additional records identified
through other sources

(n=6)

(n=679)

Records after duplicates removed

Records exclude (n=637)

Records screened
(n=679)

(1)Non-clinical randomized controlled
trial (n=535)
_| (2)The study did not set TNBC

4

subgroups or did not provide TNBC
subgroup data (n=56)
(3)Non-compliant interventions (n=46)

Full-text articles assessed
for eligibility
(n=42)

4

Studies included in
qualitative systhesis
(n=12)

4

Studies included in
qualitative systhesis
(meta-analysis)
(n=12)

FIGURE 1 | Flow diagram summarizing all study assessment processes.

Full-text articles excluded,

With reasons (n=30)

(1)The study did not provide DES and
OS data for TNBC patients (n=22)
(2)Too few patients included in
randomized controlled trials (n=8)

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/m®) capecitabine had the same significant effect as
high dose (>1,000 mg/mz) (Figure 4).

(OK]

Ten RCTs were assessed for OS, there was no heterogeneity
between the capecitabine group and the capecitabine-free group
(Chi* = 10.92, P = 0.28, I* = 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 RCT's 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 I* > 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
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TABLE 1 | Characteristics of the included studies.

Study

FinXX Joensuu et al. (2017)

GEICAM-2003-10 Martin et al.
(2015)
CREATE-X Masuda et al. (2017)

CBCSGO010 Li et al. (2020a)
Zhang et al. Zhang et al. (2015)

USO 01062 O’Shaughnessy et al.
(2015)
GEICAM/2003-11_CIBOMA/
2004-01 Lluch et al. (2020)
CALGB 49907 Muss et al. (2019)

SYSUCC-001 Wang et al. (2021)
Gepar TRIO von Minckwitz et al.
(2013a)

GAIN von Minckwitz et al. (2013b)

ECOG-ACRIN EA1131 Mayer et al.
(2021)

Year

2017

2015

2017

2020

2015

2015

2019

2019

2020

2013

2013

2021

Author

Joensuu
Heikki
Miguel Martin

N. Masuda
Junjie Li
Xiaohui Zhang

Joyce O’Sha-
ughnessy
Lluch Ana

Muss
Hyman B
Xi Wang

Gunter von
Minckwitz
Gunter von
Minckwitz
Ingrid A.
Mayer

Trial
phase

Region

America-
Europe
America-
Europe
Asia

Asia
Asia

America-
Europe
America-
Europe
America-
Europe
Asia

America-
Europe
America-
Europe
America-
Europe

TNBC,
N (X/

control)

93/109
95/71
139/147
297/288
140/140
396/384
448/428
76/78
221/213
362
213/208

160/148

Age

26-65
25-73
25-74
18-70
25-74
26-72
20-82
>65
24-70
<36
<65

26-76

Capecitabine
arm

3TX—-3CEX
AET—4X
standard” + 6 - 8X
3TX—3CEX
4AX

4AC—4TX

8X

6X

Standard® — X
2TAC—4NX
AEC—4TX

6X

X capecitabine, T docetaxel, C cyclophosphamide, E epirubicin, F fluorouracil, A pirarubicin, M methotrexate, N vinorelbine.
Standard', Sequential anthracycline and taxane or concurrent anthracycline and taxane or anthracycline-containing chemotherapy only or docetaxel and cyclophosphamide only or fluorouracil plus anthracycline.
Standard?, anthracyclines or taxanes based or anthracyclines and taxanes based.

87

Control
arm

3T—3CEF
4EC4T
Standard’
3T—3CEF
4AC
4AC—AT
None
6CMF/4AC

Standard?

2TAC—4/
6TAC
4ETC

4Platinum

Dose
of X

900 mg/m?

1,250 mg/

m2

1,250 mg/

m2

1,000 mg/

m2

1,000 mg/

m2

825 mg/m?

2,000 mg/

m2

2,000 mg/

m2

650 mg/m?

1,000 mg/

m2

2000 mg/

m2

1,000 mg/

m2

Median
follow-
up
(years)

10.3
6.6
3.6
5.6
4.0
6.4
7.3
2.4
5.1
5.2
3.2

1.7

DFS HR/
95% Cl

0.53
0.31-0.92
1.19
0.70-2.04
0.53
0.31-0.92
0.66
0.44-0.99
1.23
0.41-3.70
0.81
0.57-1.15
0.77
0.59-1.00
NA

0.64
0.42-0.95
0.87
0.61-1.25
0.97
0.68-1.38
NA

OS HR/
95% Cl

0.55
0.31-0.96
NA

0.55
0.31-0.96
0.67
0.37-1.22
0.78
0.20-3.10
0.62
0.41-0.94
0.86
0.63-1.20
0.82
0.53-1.25
0.75
0.47-1.19
NA

0.81
0.54-1.20
0.98
0.81-1.18

TNBC
in study

Subgroup
Subgroup
Subgroup
Whole
cohort
Subgroup
Subgroup
Whole
cohort
Subgroup
Whole
cohort
Subgroup
Subgroup

Whole
cohort

‘e 18 Bueyz
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Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Weight 1V, Fixed. 95% CI IV, Fixed, 95% Cl

CBCSG010 -0.42 0.21 9.0% 0.66[0.44, 0.99] ™

CIBOMA -0.26 0.13 23.5% 0.77[0.60, 0.99] =

CREATE - X -0.54 0.2 9.9% 0.58[0.39, 0.86] -

FinXX -0.63 028 51% 0.53[0.31, 0.92] ]

GAIN -0.03 0.18 12.3% 0.97 [0.68, 1.38] T

GEICAM/2003-10 0.17 0.27 54% 1.19]0.70, 2.01] T

Gepar TRIO 0.14 0.18 12.3% 1.15[0.81, 1.64] il

SYSUCC-001 -0.45 0.21 9.0% 0.64[0.42, 0.96] ™

USO 01062 -0.21 0.18 12.3% 0.81[0.57,1.15] =

Zhang et al. 0.21 0.56 1.3% 1.23[0.41,3.70] -1

Total (95% Cl) 100.0% 0.80 [0.71, 0.90] ¢

Heterogeneity: Chi? = 14.69, df = 9 (P = 0.10); I> = 39% *0.0 p 0 P : 1*0 p 00‘

Test for overall effect: Z = 3.58 (P = 0.0003)

TNBC patients.

Favours [Capecitabine]

Favours [Control]

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

Test for overall effect: Z = 3.64 (P = 0.0003)

Test for subarouo differences: Chi? = 0.69. df = 1 (P = 0.40). 1> = 0%

Hazard Ratio

Hazard Ratio

1.4.1 Use cyclophosphamide

CBCSG010 -042 0.21 9.9% 0.66 [0.44, 0.99] ]
CREATE - X -0.54 0.2 10.9% 0.58[0.39, 0.86) el

FinXX -0.63 0.28 5.6% 0.53[0.31,0.92] ——

GAIN -0.03 0.18 13.5% 0.97[0.68, 1.38) =
Gepar TRIO -0.14 0.18 13.5% 0.87[0.61, 1.24) -
USO 01062 -0.21 0.18 13.5% 0.81[0.57, 1.15) -
Subtotal (95% Cl) 66.8% 0.76 [0.65, 0.89] ¢
Heterogeneity: Chi* = 6.38, df = 5 (P = 0.27); I* = 22%

Test for overall effect: Z = 3.46 (P = 0.0005)

1.4.2 No cyclophosphamide

CIBOMA -0.26 0.13 25.8% 0.77[0.60, 0.99] Rl
GEICAM/2003-10 0.17 027 6.0% 1.19[0.70, 2.01) T
Zhang et al. 0.21 056 1.4% 1.23[0.41,3.70) -1
Subtotal (95% Cl) 33.2% 0.85[0.68, 1.06]

Heterogeneity: Chiz = 2.52, df = 2 (P = 0.28); 1= 21%

Test for overall effect: Z = 1.42 (P = 0.16)

Total (95% Cl) 100.0% 0.79 [0.69, 0.89] ¢
Heterogeneity: Chi? = 9.60, df = 8 (P = 0.29); I* = 17% *0'0 y of 7 : 1=0 7 00*

Favours [Capecitabine] Favours [Control)

FIGURE 3 | Subgroup analysis of the effect of capecitabine and cyclophosphamide combined with chemotherapy on DFS in TNBC patients.

compared in the FinXX and CBCSGO10 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 CBCSGO10 trial (Li J. et al., 2020; Lluch et al., 2020). The
reason for the different results might be the dose reduction caused
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Hazard Ratio Hazard Ratio

Stud Sut log[H | Ratio] SE_Weig! IV, Fixed. 95% CI IV, Fixed. 95% CI
1.8.1 <1000mg/m’
CBCSG010 -0.42 0.21 9.0% 0.66 [0.44, 0.99] ™
FinXX -0.63 0.28 5.1% 0.53[0.31,0.92) ==
Gepar TRIO 0.14 0.18 12.3% 1.15(0.81, 1.64)] ™
SYSUCC-001 -0.45 0.21 9.0% 0.64 [0.42, 0.96) ™
USO 01062 -0.21 0.18 123% 0.81(0.57, 1.15) i
Zhang et al. 0.21 056 1.3% 1.23[0.41,3.70] N
Subtotal (95% Cl) 48.9% 0.79 [0.66, 0.94] ¢
Heterogeneity: Chi? = 8.80, df =5 (P = 0.12); I?=43%
Test for overall effect: Z = 2.64 (P = 0.008)
1.8.2 >1000mg/m’
CIBOMA -0.26 0.13 23.5% 0.77[0.60, 0.99] i
CREATE - X 054 02 99% 0.58(0.39, 0.86) =
GAIN -0.03 0.18 12.3% 0.97[0.68, 1.38] =
GEICAM/2003-10 0.17 027 54% 1.19(0.70, 2.01) T
Subtotal (95% Cl) 51.1% 0.81[0.68, 0.96] ¢
Heterogeneity: Chi? = 5.85, df = 3 (P = 0.12); I = 49%
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FIGURE 4 | Subgroup analysis of the effect of capecitabine adjuvant chemotherapy dose on DFS in TNBC patients.
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FIGURE 5 | Forest plots for the overall survival (OS) rate in the comparison between chemotherapy with capecitabine group vs. capecitabine-free group in TNBC
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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
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FIGURE 6 | Subgroup analysis of the effect of capecitabine and cyclophosphamide combined with chemotherapy on OS in TNBC patients.
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FIGURE 7 | Subgroup analysis of the effect of capecitabine adjuvant chemotherapy dose on OS 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 HES 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.,
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TABLE 2 | Analysis of grade adverse events.

Adjuvant Effect of Capecitabine for TNBC

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 1,608/3,769 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

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/m”, 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/m?) 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
etal,, 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). The meta-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 EAI1131 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 I 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
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baseline characteristics of patients were inconsistent, which might
affect the results. Expand the sample size and refine the subgroup
analysis will make the conclusion more reliable.
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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 drug monitoring (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, PDGFRp, 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 (Cpax),
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 t0 Cpax (Thay) ranging from 0.5 to 6 h (European Medicines
Agency, 2006). With the emergence of more studies, T,y 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 (pK, = 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 C.x
(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
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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), H,-receptor antagonists (H,RAs),
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 C,,,,, AUC from time zero extrapolated
to infinite time (AUC;) 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 C,,,, and
AUC,;,r of 78 and 84% were observed (Yago et al,, 2014). One
case report has also indicated that after esomeprazole
discontinuation for 4 days, Cp,, and the estimated AUCj¢s
increased from 23.1 to 52.0ng/ml and from 89.6 to
130.6 ng-h/mL, respectively (Pape et al., 2016).

H,RAs significantly reduce dasatinib exposure both in animals
and human. In the preclinical study, when the rats were given
3.4mg of dasatinib (equal to 50 mg in human) along with
famotidine (10 mg/kg) injected 2h prior to dasatinib dosing,
the AUGC;,s of dasatinib approximately declined 4.5-fold
compared with the control group (Lubach et al, 2013). In
healthy subjects, a dramatic decrease in C,,x and AUCy 1, of
dasatinib of 63 and 61%, respectively, was observed even though
they were taking famotidine 10h 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 2h 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 AUC,.;, and Cg,, of
dasatinib were decreased drastically by 55 and 58%,
respectively. Whereas the antacid Maalox, taken 2h 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
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TABLE 1 | Effect of gastric acid pH modulators on the oral absorption of dasatinib.

Dasatinib
(dose regimen)

Gastric acid pH modulator (dose)

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

dasatinib and omeprazole (40 mg)
50 mg, Q12H Famotidine (40 mg) 2 h after the evening dose of
dasatinib
Famotidine (40 mg) 10 h before the morning dose of
dasatinib
Maalox? (30 ml) 2 h prior to dasatinib
Maalox® (30 ml) co-administered with dasatinib

20-140 mg, Q12H Lansoprazole (30 mg) or famotidine (20-40 mg/d) or
nizatidine (300 mg/d)
70 mg, BID Famotidine (20 mg)
3.4+ 0.1 mg, QD Famotidine (10 mg/kg, iv) 2 h prior to dasatinib
(based on a 50 mg Pentagastrin (0.25 mg/kg, ih) 2 h prior to dasatinib
human dose)
100 mg, QD Pretreatment: Rabeprazole (20 mg), gastric
Rabeprazole (20 mg, pH > 4 for at least 15 min
BID) for 3 days before dasatinib
Betaine HCI (1,500 mg)
5 min prior to dasatinib
50 mg, QD Esomeprazole (40 mg)

Therapeutic Drug Monitoring of Dasatinib

Subject (N) Change Comment References
AUC Cmax
Healthy | 43% 1 42% AUCins; Clinicaltrials.gov, (2009);
subjects Crnax Budha et al., (2012)
(N=13)
Healthy No significant change AUCq_12; Eley et al. (2009)
subjects Crnax
(N =21, 1 61% 1 63%
crossover
study) 1 5% 1 26%
| 55% 1 58%
CML or Ph* Median: |  Median: | AUCq.4ss;  Takahashi et al. (2012a)
ALL 58%° 72%P Csss
(N=12)
Ph* ALL (N 1 72%" / AUCq.12 Matsuoka et al. (2012)
=1)
Rats (N = 5) 1 78% 182% AUCins; Lubach et al. (2013)
Rats (N = 5) 1 29% 1 43% Crax
Healthy 1 78% 1 92% AUGiqs; Yago et al. (2014)
subjects Crax
(N=12,
crossover T 5% T21%
study)
Ph* ALL (N 1 32% 1 56% AUCq 6.5 Pape et al. (2016)
= 1) Cmax

QD, once daily; BID, twice daily; Q12H, every 12 h; N, number of subjects; iv, intravenous injection; ih, hypodermic injection; ss, steady state.

“Maalox, Aluminum hydroxide/magnesium hydroxide—-containing antacid.
PCalculated from the data in the reference; /, unmentioned in the reference.

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 HCI (1,500 mg) 5 min pre-dasatinib and it was able to
restore dasatinib AUC;,¢ and C,,, 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 HCI (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  2505L  (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., 20082a)) 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 ABCBI
(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
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et al., 2009; Hegedus et al., 2009). Overexpression of ABCB1 or
ABCG?2 protein reduced dasatinib IUR, resulting in an increase in
the ICs, 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
ABCCE6 reduced dasatinib efflux, leading to a significant decrease
in ICsq 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 Abcbla/1b™"~ and Abcbla/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 AUC(_,4 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
2 mM) 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 2 mM 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

Therapeutic Drug Monitoring of Dasatinib

(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 C,,,, and AUC of dasatinib increased by 4-fold and 5-
fold, respectively, when used in combination with ketoconazole
(strong CYP3A4 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 C,,, 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 (f,,) 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 3-5h
(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

represent 45 and 25% of the AUC),; of dasatinib, consumption (Wei et al, 2010). Additionally, in clinic
respectively. =~ The  primary  active  metabolite, =~ M4  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 ABCBI gene polymorphisms are: 1236C >
T, 2677G > T/A, and 3435C > T. One study reported ABCBI 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 ABCBI 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/m?, 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 Cp,,x by 47% and mean AUC by 8%. Patients with severe
hepatic impairment (Child-Pugh C) had decreases in mean C,,x
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.,
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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
8h, 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 50mg/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 100nM (~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 (C,), C,.x and AUC,_4 detected in
patients with T3151 were significantly lower than those without.
The median C,, in patients with T315I and without were
438ng/ml and 1124 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 C,,,x 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 Cp,,x (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, C.x 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 wC,ygss, so
from the perspective of this study, the most significant
predictor of MCyR was wCyyess (Wang et al,, 2013). Despite
WCqygss suggested to predict efficacy, TDM based on wCqy,gss 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 ICs, slope, and Cp,y,
correlated with improved complete cytogenetic response
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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.

(CCyR) rates in CML patients treated with dasatinib (Vainstein
etal., 2013), which confirmed the importance of C,,.x laterally. A
study has proved that the C, concentration, not concentration at
1h (C,) or 4h (Cy), had a higher correlation with the measured
AUC,_4 of dasatinib using 34 PK profiles (r = 0.9419, p < 0.0001)
(Takahashi et al., 2012a). The monitoring of C, concentration is
easily achieved clinically to predict whether an enough C,,,,, will
be obtained.

On the whole, the monitoring of dasatinib C,,,/C, level does
make sense. It is generally accepted that a relatively high Cp.x
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 to maintain C, 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, 3T 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 (Co) 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 C, of dasatinib
of 1.4 ng/ml, with no significance in PE rate between high C,
group (>1.4 ng/ml) and low C, group (<1.4 ng/ml) (31 vs. 19%).
Nonetheless, after adjusting for dasatinib dose (g) and body
weight (kg) (Co/D/W), higher median C, was correlated with
the incidence of the dasatinib interruption/reduction in
treatment. These results suggest that dose optimization by C,
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 Cy of
dasatinib (2.61 ng/ml). And the C, 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 C,). Based
on Wangetal.’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 C, 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)
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TABLE 3 | Overview of LC-MS/MS analytical methods of dasatinib in human plasma in recent 5 years.

References Analtye Analytical column Internal Calibration LLOQ, Extraction
standard range, ng/mL
ng/mL
Huynh et al. (2017) Dasatinib, other 13 TKis Acquity UPLC BEH C18 column 2Hg-dasatinib 1-600 0.75 PPT
(2.1 mm x 50 mm; 1.9 pm)
Wojnicz et al. (2017)  Dasatinib, imatinib, nilotinib Poroshell 120 EC-C18 column (2.1 mm  Dg-dasatinib 0.75-400 0.75 SPE
x 75 mm, 2.7 ym)
Zeng et al. (2017) Dasatinib, imatinib, nilotinib Xtimate Phenyl column (2.1 mm x / 2-490 2 LLE
150 mm, 3 um)
Maher et al. (2018) Dasatinib Acquity UPLC BEH C18 column Erlotinib 1-500 1 SPE
(1.0 mm x 100 mm, 1.7 pm)
Merienne et al. (2018)  Dasatinib, other 16 TKls and 2 CORTECS UPLC C18 column (2.1 x 13C¢-dasatinib 0.1-200 0.1 SPE
metabolites 50 mm, 1.6 pm)
Ezzeldin et al. (2020)  Dasatinib, other 6 TKls Acquity UPLC BEH C18 column Quizartinib 5-1000 5 PPT
(2.1 mm x 100 mm, 1.7 pm)
Koller et al. (2020) Dasatinib, other 10 TKis Poroshell 120 EC-C18 column (2.1 mm  Dg-dasatinib 0.38-400 0.38 PPT; SPE
x 75 mm, 2.7 pm)
Mukai et al. (2020) Dasatinib, other 4 TKls and 3 active  L-column3 C18 (2.1 mm x Dg-dasatinib 0.5-150 0.5 SLE
metabolites 50 mm, 3 pm)
Hirasawa et al. (2021)  Dasatinib, other 4 TKls Triart C18 MetalFree column (2.1 mm x 2Hg-dasatinib 0.1-200 0.1 PPT
50 mm, 3 um)
Llopis et al. (2021) Dasatinib, other 8 TKls, 2 active Acquity UPLC T3HSS C18 column (2.1 2Hg-dasatinib 1-500 1 PPT
metabolites and 2 AAs x 100 mm, 1.8 pm)
Sumimoto et al. Dasatinib, other 4 TKls and 2 active  Acquity BEH C18 column (2.1 mm x Dg-dasatinib 0.2-200 0.2 SPE
(2021) metabolites 50 mm, 1.7 pm)
Verougstraete et al. Dasatinib, other 7 TKls Acquity UPLC BEH C18 column Dg-dasatinib 0.5-450 0.5 PPT
(2021) (2.1 mmx 100 mm, 1.7 ym)

/, 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.

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

Consequently, it is necessary to monitor C, 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 1ng/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
alower 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.
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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 C, 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 C, or C,,.x to
obtain sufficient efficacy and reduce the risk of BCR-ABL
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mutations, and a relatively low level of C, 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 C,.
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%Cl=1.76-9.38, P=0.001),
heterozygote comparison (TC vs. CC: OR=2.55, 95%Cl=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.

Keywords: MTHFR, polymorphism, osteosarcoma, methotrexate, toxicity
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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/m?) 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 (MTHEFR) 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
MTHEFR, 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
MTHEFR 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

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
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not significant (I*<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

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,

ool PRISMA 2009 Flow Diagram

Records identified through
database searching
(n=288)

Additional records identified
through other sources
(n=0)

] [ Identification ]

] [ Eligibility ] Screening

Included

Records after duplicates removed
(n=49)

Records screened

Records excluded (n = 34)

(n=49)

l

Revil and bioinformatics, n=3
-Unrelated to the topic, n=31

Full-text articles assessed

for eligibility
(n=15)

Full-text articles excluded (n = 8)
-Articles without clinical analysis, n=2
-Data not extractable, n=6

|

Studies included in
qualitative synthesis
(n=7)

!
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quantitative synthesis
(meta-analysis)
(n=7)

FIGURE 1 | Flow diagram for study identification with criteria in the meta-analysis (28).

Frontiers in Oncology | www.frontiersin.org

107

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

MassARRAY, PCR, and TagMan SNP Genotyping Assay. The
sample size ranged from 37 to 210 with a mean size of 83.57. The
MTX dosage was 12 g/m”® in most cases while one study
administered 200mg/kg of MTX. More specific characteristics
of enrolled studies were listed in Table 1.

TABLE 1 | Characteristics of all enrolled studies.

Quantitative Synthesis Revealing Toxicity
Related Genotype

To demonstrate the association between MTX toxicity and various
genotype, ORs and 95% CI from different studies were
incorporated (data were shown in Table 2). Summarily, the

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/m? 7
Jabeen (20) 2015 Norway Caucasian MassARRAY 62 rs1801133 12 g/m? (mean) 8
Park (21) 2016 Korea Asian MassARRAY 37 rs1801133, rs1801131 12 g/m? 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/m? week twice 8
Xu (24) 2018 China Asian TagMan SNP Genotyping Assay 109 rs1801133, rs1801131 10 g/m?/d 8
Ren (29) 2011 China Asian RT-PCR 210 rs1801133 200mg/kg 7
TABLE 2 | Meta-analysis of the MTHFR polymorphisms with MTX-related toxicity.
Comparison Ethnicity N OR Low 95%CI High 95% P Mode Heterogeneity Sensitive Publication bias
Cl analysis
x P 12 Begg’s Test Egger’s
p-value test p-value

Liver toxicity
TTvs CC Caucasian 1 0.81 0.38 1.71 NA NA NA NA NA NA 1.000 0.697

Asian 3 315 1.30 7.60 0.011  Fixed 0.61 0739 0.0% Good

Overall 4 204 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 3 187 0.90 3.89 0.095  Fixed 3.81 0.149 47.5% Good

Overall 4 128 0.36 4.20 0.746 Random 10.64 0.014 71.8% Good
TT vs. TC/ Caucasian 2 1.0 0.40 2.65 0.945  Fixed 019 0663 0.0% Good 1.000 0.856
CC Asian 3 1.58 0.39 6.45 0.521  Random  6.42 0.04 68.9% Good

Overall 5 138 0.78 2.42 0.265  Fixed 716 0128 44.2% Good
TT/TC vs. Caucasian 1 0.35 0.13 0.97 NA NA NA NA NA NA 0.734 0.836
CC Asian 3 211 1.06 4.21 0.043  Fixed 1.04 059 0.0% Good

Overall 4 126 0.43 3.67 0.085 Random 925 0.024 67.6% Good
TvsC 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 0424 0.0% Good

Overall 4 137 0.96 1.97 0.085  Fixed 417 0244 28.0% Good
Kidney toxicity
TT vs CC Overall 4 382 0.57 25.78 0.168 Random 1266 0.005 76.3% Good 0.734 0.748
TCvs CC Overall 4 2683 1.31 5.29 0.007  Fixed 557 0125 47.8% Good 0.308 0.340
TT vs. TC/ Overall 3 148 0.20 11.18 0.704 Random 1223 0.002 83.7% Good 1.000 0.659
CC
TT/TC vs. Overall 4 343 0.93 12.66 0.064 Random 9.46 0.024 68.3% Good 0.734 0.465
CC
TvsC Overall 3 198 0.43 8.67 0.392 Random 19.87 0.000 89.9% Good 1.000 0.936
Mucositis
TT vs CC Overall 3 407 1.76 9.38 0.001  Fixed 0.60 0739 0.0% Good 0.296 0.063
TC vs CC Overall 3 255 1.20 5.42 0.015  Fixed 011 0947 0.0% Good 1.000 0.603
TT vs. TC/ Overall 4 209 1.19 3.67 0.010  Fixed 333 0344 9.8% Good 1.000 0.134
CC
TT/TC vs. Overall 3 297 1.48 5.96 0.002  Fixed 0.10 0953 0.0% Good 1.000 0.385
CC
TvsC Overall 3 228 1.49 3.50 0.000  Fixed 1.67 0434 0.0% Good 1.000 0.173
Anemia
TTvs CC Overall 2 1.08 0.33 3.51 0.092  Fixed 0.94 0322 0.0% NA NA NA
TC vs CC Overall 2 126 0.38 413 0.890 Random 294 0.087 66.0% NA NA NA
TT vs. TC/ Overall 3 125 0.64 2.45 0.521  Fixed 0.21 0901 0.0% Good 1.000 0.441
CC
TT/TC vs. Overall 2 110 0.39 3.05 0.992 Random 2.48 0.115  59.7% NA NA NA
CC
TvsC Overall 2 117 0.63 2.16 0.617  Fixed 116 0282 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-
421, P=0.011), and dominant genetic model (TT/TC vs. CC:
OR=3.15, 95%ClI=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 MTHER 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%ClI=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).
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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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Overall (I-squared = 0.0%, p = 0.434) <> 2.28(1.49,3.50)  100.00
01 100
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.

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.

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).
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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
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Overall (I-squared = 89.9%, p = 0.000) <:> 1.93(043,868) 10000
NOTE: Weights are from random effects analysis
T T
.01 100
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.

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,
MTHEFR 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 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.

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

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
MTHEFR 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).

Frontiers in Oncology | www.frontiersin.org

112

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

A (] D

E F G H

| J K L

M N o P
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.

High-dose MTX (>1 g/m®) 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 MTHER polymorphism and MTX-induced
toxicities comprehensively, there are still some limitations. In
the first place, the included studies in this meta-analysis

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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CONCLUSION

To date, this is the first meta-analysis in regard to the association
between MTHER 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
MTHEFR polymorphism for tailored treatment largely
contributes to the enhancement of treatment outcomes
in osteosarcoma.
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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
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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 ADRSs, 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.

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 (LOl-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

TABLE 1 | Formulas and criteria for generating signals of ROR, PRR and MHRA.

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.

Method Formula
ROR (a/c)
ROR = ——
(o/d)
95% Cl = e\n(ROR)z1v96\/%+%+%+%
PRR _a/la+b)
PRR = c/lc+d)
95% Cl = e\m(PRR):LQG T+l
MHRA 2 = n(jad - be| - §)

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

Criteria and threshold

a>3 and lower limit of 95%CI >1

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

a>3 and x2>4

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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TABLE 2 | The characteristics of patients aspect by severity of ADR.

Characteristic Serious Normal p value®
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(23.9) 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 (561.1) 0.008
No 114 (29.5) 272 (70.5)
Occurrence time of ADR (days)
On the day 30 (23.4) 98 (76.6) <0.001°
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)

aChi-squared test; °Fisher exact test.

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
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FIGURE 1 | Number of reports in each age group by gender.

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).

SADRSs 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.
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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.

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 value®
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) 0.656°
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)

aChi-squared test; °Fisher exact test.
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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 (21.9) 37 (78.7)
Respiratory, thoracic, and mediastinal disorders 5(41.7) 7 (68.3)
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 (65.6)
Hepatic failure 4 (44.4) 5 (55.6)

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

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 2
Vincristine Alopecia 4 63.39 10.64 48.71 10.90 327253.85
Asparaginase Cyanosis® 3 21.64 2.21 20.51 2.22 114461.47
Pegaspargase Itch® 3 17.29 2.79 156.97 2.82 94729.67
Methotrexate Mucositis oral 7 63.50 7.63 54.57 7.69 42646.14
Asparaginase Dyspnea 6 156.22 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 Rash® 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

“Off-label ADR.
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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 ADR Monitoring (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 oft-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

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.
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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
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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

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

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
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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.

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

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-oft points for
mg/kg dosing in infants leading to sometimes large discrepancies
in dose as compared to patients receiving mg/m® 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
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FIGURE 2 | Schematic diagram of the sample analysis processes for patients utilising a Therapeutic Drug monitoring (TDM) approach to treatment.

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

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
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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/m®.
Furthermore, infants with lower exposures tolerated dose
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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 issue of preventing and managing treatment-associated chronic adverse events has become
increasingly important. Cardiovascular complications have been identified as one of the leading causes
of mortality 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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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-PD modeling 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 review the role of mechanistic PK-PD modeling with 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,

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 E,,,, 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.

2
QT = QTy X RR* + A x cos(g(t— ¢)> + Slope x C

where QT represents the baseline for the QT-RR relationship,
RR represents the interval between the R waves on the
electrocardiogram, o 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-a-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 ICs,) 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 ICs, values.
Specifically, the conductance of a given channel, j (g), as a

Frontiers in Oncology | www.frontiersin.org

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

function of the drug amount (D) and the ICs, value can be
modeled as follows:

gjzgmmml’j<1+ (&)n)_l

where geontrol, j Tepresents 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 ICsq
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 (I0%),
and closed bound (C*). This implies that the drug in question
can be trapped in the C* state, implying that this proposed model

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 E, .,
and ICsy 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. Specifically,
hemodynamics is the study of blood flow dynamics, which are
governed by BP and vascular resistance in different parts of the
system, as well 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).

Physiological Component

bound (C*). The drug can be trapped in the C* state.

Pharmacodynamic Component

FIGURE 1 | llustrative 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 (I0*), and closed
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BP = E; + slope x C

27 (t-Tshift)

Ey = Eg; + Amp X cos( Freq

)

where E, 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 (T prec)
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 (ECsg). Further, they also observed
that anthracycline caused a 45.9% increase in sensitivity (i.e., a
decrease in ECs) 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 x TPR and
(ii) CO=HR x 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.

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, K, ; represents the zero-order
production rate of each parameter, while k., ; represents the
first-order elimination rate of each parameter.

4R — K, pr % (1= FB X MAP) = ko pg x HR

BV = Kiy sv % (1= FB x MAP) — ko sy x SV*

TR = K, 1pp % (1~ FB X MAP) — Ky _1pg % TPR

SV = SV* x (1 - HR_SV x LN(HR/BSL _HR))
CO = HR x SV
MAP = CO x TPR

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

dHR

a -
&V~ K, sy X (1= FB x MAP) x (1+ EFF) — kpye sy % SVT
ATPR

dT

Kiy nr % (14 CRyg) % (1= FB x MAP) x (1 + EFF + HDyg) = koye_pr X HR

=Kiy_rpr X (1 + CRypg) X (1 = FB x MAP) x (1 + EFF + HDypy) = oy _1pr ¥ TPR

where CR; represents the circadian rhythm of each carrier and
EFF represents drug effect, which for different drugs, is assessed
based on linear, power, E,,x, or Sigmoid E,,,, 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.

K12
_—

Peripheral |¢—
K21

K.=CL/V

PK model

Cardiac
damage

Krec=|n(2)/T112rec

PD model

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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order elimination rate constants.

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-2f3, 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 TKL

FIGURE 3 | lllustrative 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 g, Kin sv, and Ki, tpr represent the zero-order production rate constants and kout 1r, Kout sv, @nd Kout 1R represent the first-

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:

2
Ceorg =05 % ((cet,g,g = Ny = Kg) 41/ (Cu_org ~ CNorg = Ka)+4 % Ky cﬁ,mg)

Cona_vound = Cet _org = Ce_org

where Ce_org represents total intracellular concentration, Ce org
represents free intracellular concentrations, CN,, represents
DNA concentration, and Cpna_pound 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).
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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 ICs, 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.

[

K PS

Interstitium
ionized

Vascular

2

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

DISCUSSION

As an emerging field of interest, cardio-oncology aims to
identify patients with risk factors, prevent cardiovascular
damage, and monitor or manage the progress of
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.

Based on published studies, drug-induced
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
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FIGURE 5 | Key signal transduction pathways involved in dasatinib- and sorafenib-induced toxicity in cardiomyocytes. AKT, AKT8 virus oncogene cellular
homolog; BAD, Bcl2-associated death promoter; BAX, Bcl2-associated X protein; Bcel-2, B-cell ymphoma 2 protein; Bcl-xl, B-cell ymphoma extra-large protein;
Ber-Abl, fusion protein encoded by the Philadelphia chromosome; Casp-3, caspase-3; Casp-9, caspase-9; c-KIT, stem cell growth factor receptor; Cyt, C
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
proteins); Src Rous, sarcoma oncogene cellular homolog tyrosine kinase protein; TNFR1, tumor necrosis factor receptor 1; VEGFR, vascular endothelial growth
factor receptor.

limited. Therefore, in the future, drug-specific mechanisms  quantitative systems biology. Therefore, in future, bridging the

can be incorporated into these models to enhance their = gap between mechanistic cardiovascular models and clinical

performance with respect to predictabilities, and bridge the  realities would offer the possibility to quantify the

gaps between theoretical modeling and real clinical scenarios. cardiovascular toxicities of anti-cancer drugs. Such PK/PD
Additionally, the modeling of drug-induced changes in  models should be further evaluated by large prospective

molecular signaling pathways tends to be comprehensive and  clinical investigations before applying to the real clinical settings.

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 AUTHOR CONTRIBUTIONS
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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-
based chemotherapy and an ICI had few treatment options 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
EV was found in 2019 (13). Recently, emerging case reports have 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 form of EV-related cutaneous toxicities, data are derived primarily
from case reports and clinical trials that may not 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.

Pharmacovigilance Study Procedures

The reports in the FAERS database were coded using preferred
terms (PTs) from the Medical 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 (ICy,5) exceeded 0. If
0 < ICp,s5 < 1.5, then it is considered as weak signal; if 1.5 < ICq;s
< 3.0, then it is considered as middle signal; if ICy,5 > 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 (ROR,s5) 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:

o (exy+yxy)(C+a)(C+B) | (exy+yxy)y
IC = log, = 108>
(C + p)(ex+ax)(cy + By) (C+vy)
{ ( C—cxy+y—yxy ) + ( C—cx+o—ox ) + ( C-cy+B-By ) }
Sp = (cxy+yxy)(1+C+y) (ex+ox)(1+C+a) (cy+By)(1+C+P)
(In2)?
IC95%CI = IC + ZSD
ROR = /9 _2d por
_(b/d)_bc 95 % CI

1 1 1 1

=eln(ROR) +£1.96 —t =t —+—

a b ¢ d

a = number of target AE of EV alone
b = number of other AEs of EV alone
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¢ = number of target AE of other drugs except for EV
d = number of other AEs of other drugs except for EV

Gy =3, ¢=atb,¢,=a+c, C=a+b+c+d },=1 «
=2,8=20a,=18=1
B (C+a)(C+P)
V=t (ex+ox)(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 EV monotherapy (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 (IC,5 = 2.85), rash erythematous (ICq,5 = 2.49),
Stevens-Johnson syndrome (ICyps = 2.96), dry skin (ICp,s =
2.15), rash maculopapular (ICy,s 1.51), toxic epidermal
necrolysis (ICyy5s = 2.02), skin exfoliation (ICgys = 1.57),
dermatitis bullous (ICy,5 = 1.91), and blister (ICy,5 = 1.97)
compared with platinum-based therapy in the database, while
rash pruritus was detected as strong signal (ICy,5 = 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

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

We analyzed the association between EV and cutaneous 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 such collection of cases to date,
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
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TABLE 1 | Characteristics of patients with enfortumab vedotin associated cutaneous toxicities sourced from the FAERS database.

Characteristics N. of Gender Age
case
Male Female Unknown or Median <60 61-70 71-80 =81 Unknown or

n (%) n (%) missing n (%) (IQR) n (%) n (%) n(%) n(%) missing n (%)

Total 212 162 42 8(3.77) 74.5 (6-92) 19 33 45 15 100 (47.17)
(76.42)  (19.81) (8.96) (16.57) (21.23) (7.08)

EV monotherapy 177 137 35 5 (2.83) 73 (6-92) 16 28 32 14 87 (49.15)
(77.40)  (19.77) (9.04) (15.82) (18.08) (7.91)

Combination therapy

EV + pembrolizumab 22 19 1(4.55) 2 (9.09) 72 (60-78) 2 (9.09) 5 12 0 3(13.64)
(86.36) (22.73) (54.55) (0.00)

EV + atezolizumab 2 1 1(50.00) 0 (0.00) — 0(0.00) 0 (0.00) 1 0 1 (50.00)
(50.00) (50.00)  (0.00)

EV + cisplatinum 3 1 2 (66.67) 0 (0.00) — 0(0.00) 0(0.00) 0 (0.00) 0 3 (100.00)
(33.33) (0.00)

EV + carboplatin 2 1 0 (0.00) 1 (50.00) — 0(0.00) 0(0.00) 0 (0.00) 1 1 (50.00)
(50.00) (50.00)

EV + pembrolizumab + erdafitinib 1 1 0 (0.00) 0 (0.00) - 1 0 (0.00) 0 (0.00) 0 0 (0.00)
(100.00) (100.00) (0.00)

EV + pembrolizumab + erdafitinib 3 2 1(33.33) 0 (0.00) - 0(0.00) 0(0.00) 0 (0.00) 0 3 (100.00)
(66.67) (0.00)

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

(100.00) (0.00)

Adverse Effects (AEs)

Rash 79 58 19 2 (2.53) 74 (6-90) 8 7 (8.86) 10 8 46 (58.23)
(73.42)  (24.05) (10.13) (12.66) (10.13)

Rash pruritus 16 10 6 (37.50) 0 (0.00) 71.5(8-92) 3 2 5 2 4 (25.00)
(62.50) (18.75) (12.50) (31.25) (12.50)

Pruritus 14 13 1(7.14) 0 (0.00) 72 (65-88) 0 (0.00) 2 3 1 8 (57.14)
(92.85) (14.29) (21.43) (7.14)

Rash erythematous 13 12 1(7.69) 0 (0.00) 73 (7-81) 2 1(7.69) 5 1 4 (30.77)
(92.31) (15.38) (38.46) (7.69)

Stevens-Johnson syndrome 13 9 2 (15.38) 2 (15.38) 76 (67-78) 0(0.00) 1 (7.69) 5 0 7 (563.85)
(69.23) (38.46) (0.00)

Dry skin 12 9 3 (25.00) 0 (0.00) 65.5 (40-83) 1 (8.33) 2 0(0.00) 1 8 (66.67)
(75.00) (16.67) (8.33)

Rash maculopapular 10 8 2 (20.00) 0 (0.00) 70 (60-92) 1 4 2 1 2 (20.00)
(80.00) (10.00)  (40.00) (20.00) (10.00)

Toxic epidermal necrolysis 9 5 1(11.11) 3(33.33) 72 (67-78) 0 (0.00) 1 3 0 5 (565.56)
(55.56) (11.11)  (33.33)  (0.00)

Skin exfoliation 8 6 2 (25.00) 0 (0.00) 67 (40-85) 1 4 1 1 1(12.50)
(75.00) (12.50) (50.00) (14.29) (12.50)

Dermatitis bullous 6 6 0 (0.00) 0 (0.00) 77 (65-78) 0 (0.00) 1 3 0 2(33.33)
(100.00) (16.67) (50.00) (0.00)

Skin discoloration 6 5 1(16.67) 0 (0.00) 65 (60-66) 1 3 1 0 1(16.67)
(83.33) (16.67) (560.00) (16.67) (0.00)

Blister 5 4 1 (20.00) 0 (0.00) 72 (67-77) 0(0.00) 1 1 0 3 (60.00)
(80.00) (20.00)  (20.00)  (0.00)

Erythema 4 3 1 (25.00) 0 (0.00) 60 (60-69) 2 1 0 (0.00) 0 1 (25.00)
(75.00) (560.00)  (25.00) (0.00)

Skin reaction 4 3 1(25.00) 0 (0.00) - 0(0.00) 0 (0.00) 0 (0.00) 0 4 (100.00)
(75.00) (0.00)

Exfoliative rash 3 3 0 (0.00) 0 (0.00) 75 (71-76)  0(0.00) 0 (0.00) 3 0 0 (0.00)
(100.00) (100.00) (0.00)

Palmar-plantar erythrodysesthesia 3 2 1(25.00) 0 (0.00) — 0 (0.00) 0 (0.00) 1 0 2 (66.67)

syndrome (75.00) (83.33)  (0.00)

Skin toxicity 3 2 0 (0.00) 1(33.33) — 0 (0.00) 1 0 (0.00) 0 2 (66.67)
(66.67) (33.33) (0.00)

Symmetrical drug-related intertriginous 3 3 0 (0.00) 0 (0.00) 70 (70-81) 0 (0.00) 2 1 0 0 (0.00)

and flexural exanthema (100.00) (66.67) (33.33) (0.00)

Dermatitis allergic 1 1 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 1 0 0 (0.00)
(100.00) (100.00)  (0.00)

N, number; EV, enfortumab vedotin;, FAERS, Food and Drug Administration (FDA) adverse event reporting system; IQR, interquartile range.
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TABLE 2 | Disproportionality analysis of enfortumab vedotin and cutaneous toxicities.

ROR (ROR25-RORg75)

Compared with

platinum-based therapy

IC (ICp25-1Co75, signal strength)

Compared with all other
drugs

Compared with platinum-
based therapy

Category N. of
case
Compared with all
other drugs

Cutaneous toxicities 212 12.90 (10.62-15.66)
AEs
Rash 79 11.64 (9.11-14.88)
Rash pruritus 16 15.91 (9.65-26.23)
Pruritus 14 2.17 (1.27-3.69)
Rash erythematous 13 15.96 (9.19-27.74)
Stevens-Johnson syndrome 13 26.41 (15.20-45.90)
Dry skin 12 4.50 (2.81-8.88)
Rash maculopapular 10 8.74 (4.67-16.38)
Toxic epidermal necrolysis 9 30.05 (15.52-58.20)
Skin exfoliation 8 5.14 (2.55-10.34)
Dermatitis bullous 6 40.41 (18.04-90.53)
Skin discoloration 6 6.34 (2.83-14.20)
Blister 5 4.72 (1.95-11.40)
Erythema 4 0.93 (0.35-2.50)
Skin reaction 4 14.06 (5.25-37.66)
Skin toxicity 3 33.37 (10.71-103.94)
Symmetrical drug-related 3 356.28 (113.77-1115.71)
intertriginous and flexural exanthema
Exfoliative rash 3 55.28 (17.74-172.29)
Palmar-plantar erythrodysesthesia 3 6.53 (2.10-20.33)
syndrome
Dermatitis allergic 1 —*

15.11 (12.43-18.37)

12.29 (9.58-15.76)
41.21 (24.22-70.11)
3.56 (2.09-6.09)
17.49 (9.91-30.86)
33.51 (18.74-59.94)
12.83 (7.14-23.05)
7.74 (4.10-14.61)
15.34 (7.80-30.21)
10.22 (5.02-20.81)
33.57 (14.35-78.53)
14.00 (6.14-31.94)

*

0.70 (0.26-1.88)
7.37 (2.72-19.97)
3.39 (1.08-10.62)

27.60 (8.42-90.49)
1.44 (0.46-4.48)

*

2.76 (2.52 t0 3.01, middle)

3.18 (2.82 to 3.53, middle)
3.74 (2.64 to 4.11, middle)
0.98 (0.20 to 1.77, weak)
3.28 (2.47 to 4.09, middle)
3.69 (2.88 to 4.50, middle)
2.02 (1.18 to 2.86, weak)
2.58 (1.66 to 3.50, middle)
3.48 (2.52 to 4.45, middle)
1.94 (0.92 to 2.97, weak)
3.21 (2.02 to 4.39, middle)
2.04 (0.86 to 3.23, weak)
1.68 (0.38 to 2.97, weak)
-0.25 (-1.70 to 1.19, no)
2.35 (0.91 to 3.79, weak)
2.35(0.69 to 4.01, weak)
2.57 (0.91 to 4.23, weak)
2.44 (0.79 to 4.10, weak)
1.65 (-0.014 to 3.31, no)

~4.62 (-7.41 to -1.83, no)

2.91 (2.66 to 3.15, middle)

3.21 (2.85 to 3.56, middle)
4.07 (3.32 to 4.82, Strong)
1.62 (0.83 to 2.41, weak)
3.31 (2.49 to 4.14, middle)
3.79 (2.96 to 4.61, middle)
3.00 (2.15 to 3.86, middle)
2.44 (1.51 to 3.37, middle)
3.00 (2.02 to 3.98, middle)
2.6 (1.57 to 3.64, middle)
3.10 (1.91 to 4.30, middle
2.66 (1.47 to 3.85, middle)
3.28 (1.97 to 4.59, middle)
—-0.62 (-2.06 to 0.83, no)
1.92 (0.47 to 3.38, weak)
1.11 (-0.56 to 2.78, no)
2.56 (0.88 to 4.23, weak)

2.29 (0.61 to 3.96, weak)
0.22 (-1.45 t0 0.88, no)

0.63 (~2.17 to 3.42, no)

N, number; ROR, reporting odds ratio; RORg.s, the lower end of the 95% confidence interval of ROR; RORg;s, the upper end of the 95% confidence interval of ROR; IC, information
component; ICqzs, the lower end of the 95% confidence interval of IC; ICq75, 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 ROR (RORg25-RORg75) IC (ICo25-1Cg75, signal strength)
case
Compared with all other Compared with platinum-based Compared with all other Compared with platinum-based
drugs therapy drugs therapy
Total 212 12.90 (10.62-15.66) 156.11 (12.43-18.37) 2.76 (2.562-3.01, 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 (6.20-17.32) 10.93 (5.98-10.96) 2.33 (1.565-3.11, middle) 2.49 (1.71-38.27, 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; RORqzs, the lower end of the 95% confidence interval of ROR; RORgs, the upper end of the 95% confidence interval of ROR; IC, information
component; ICqzs5, the lower end of the 95% confidence interval of IC; ICq75, the upper end of the 95% confidence interval of IC.

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

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.
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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
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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
(rAEs) 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

Abbreviations: PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; irAEs, immune-related
adverse events; AAT, acquired amegakaryocytic thrombocytopenia; ITP, immune thrombocytopenia; rh-TPO, recombinant
human thrombopoietin; TPO-RAs, thrombopoietin receptor agonists; IVIG, intravenous immunoglobulin; G-CSF, granulocyte
colony-stimulating factors; HSCs, hematopoietic stem cells
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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 (th-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 4.8x10*/uL. 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 2.1x10*/uL. Considering anti-PD-1 antibody-related immune
thrombocytopenia, the patient received methylprednisolone
80mg daily for three consecutive weeks until skin
hemorrhages and petechiae appeared on his extremities and
abdomen, and the platelet count decreased to 0.5x10*/pL.
Bone marrow morphology showed an almost absence of
megakaryocytes with no significant abnormal presentation of
other cell linages. Excluding other possible secondary

Avatrombopag for Anti-PD-1 Induced AAT

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 5days 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 2.8x10*/uL
2weeks later and above 10x10*/uL 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 2.6x10*/uL. Rh-TPO was given at a dose of 15,000 U
daily for 17 consecutive days, and the platelet count returned to
5x10*/uL. Approximately 1 month later, repeated routine blood
examination showed a decreased platelet count of 2.9x10*/uL.
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 1.5x10*/uL. Then, she received eltrombopag
50mg 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 0.2x10*/
pL), anemia (hemoglobin 5.7 g/dl) and granulocytopenia (white
blood cell count 1.9x10*/uL). 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 9.4x10%/pL, a hemoglobin
count of 10.6 g/dl and a white blood cell count of 3.2x10°/uL
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