
Novel risk factors for glucarpidase use in pediatric acute 
lymphoblastic leukemia: Hispanic ethnicity, age, and the ABCC4 
gene

Mark Zobeck, MD, MPH1, M. Brooke Bernhardt, Pharm.D., M.S.1, Kala Y. Kamdar, MD, MS1, 
Karen R. Rabin, MD, PhD1, Philip J. Lupo, PhD, MPH1, Michael E. Scheurer, PhD, MPH1

[1]Baylor College of Medicine and Texas Children’s Hospital, Houston, Texas, USA

Abstract

Background—Carboxypeptidase G2 (CPDG2; glucarpidase) is a rescue drug for patients at risk 

for kidney injury from high-dose methotrexate (MTX). As there are no strategies for predicting 

patients who will require CDPG2, we evaluated the role of demographic, clinical, and genetic 

factors for CPDG2 use.

Procedure—Cases who received CPDG2 and controls who did not were identified by chart 

review of acute lymphoblastic leukemia (ALL) patients who received MTX doses between 1000–

5000mg/m2 between 2010–2017. We used multivariable Bayesian logistic regression to evaluate 

the association of CPDG2 use with demographic and clinical variables and, on a subset of patients, 

with genetic ancestry and 49 single nucleotide variants previously associated with MTX toxicity.

Results—We identified 423 patients who received 1592 doses of MTX. Of the 18 patients who 

received CPDG2, 17(94%) were Hispanic. No patients who received 1000 or 2000 mg/m2 of MTX 

received CPDG2. Hispanic ethnicity (odds ratio: 4.68; 95% compatibility interval:1.63–15.06) and 

older age (1.87[1.17–3.17]) were associated with receiving CPDG2. Of the 177 patients in the 

genomic cohort, 11 received CPDG2. Each additional G allele of rs7317112 in ABCC4 increased 

the odds of requiring CPDG2 (3.10[1.12–6.75]). Six other loci (NTRK1/rs10908521, TSG1/
rs9345389, STT3B/rs1353327, SCLO1B1/rs4149056, GATA3/rs3824662, ARID5B/rs10821936) 

demonstrated probabilities of association between 88–97%.

Conclusion—We demonstrated that demographic characteristics, including Hispanic ethnicity 

and age, are associated with CPDG2 use. Additionally, we provide evidence that inherited genetic 

variation is associated with risk of requiring CPDG2. If validated in independent populations, this 

information could be leveraged to develop targeted toxicity prevention strategies for children with 

ALL.
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INTRODUCTION

Methotrexate (MTX) is an important drug for the successful treatment of pediatric acute 

lymphoblastic leukemia (ALL), lymphomas, and osteosarcoma. Acute kidney injury is a 

known adverse effect from MTX as renal excretion accounts for 70–90% of drug clearance.1 

Carboxypeptidase G2 (CPDG2; glucarpidase) is administered to patients at risk for severe or 

life-threatening kidney injury from MTX. CPDG2 is a recombinant bacterial enzyme that 

cleaves circulating MTX into inactive metabolites that are eliminated through the liver, 

resulting in a rapid decrease of MTX blood concentration and avoidance of continued 

nephrotoxic effect.2

Patients who receive CPDG2 may be considered the patients at highest risk of suffering 

severe acute kidney injury. Although institutional thresholds for administering CPDG2 vary, 

two common indications include higher than expected MTX levels, indicating a high risk for 

developing kidney injury, and rising serum creatinine, indicating an acute and evolving 

kidney injury. Therefore, studying risk factors for requiring CPDG2 can reveal important 

insights about which patients are at highest risk for nephrotoxic complications from MTX 

administration.

While much work has been done to evaluate risk factors for other types of MTX toxicity,3–8 

little is known about use patterns of CPDG2. Christensen et al. reported that 1.8% of patients 

(22/1131) who received high-dose MTX in the range of 3300 – 12000 mg/m2 at St. Jude 

Children’s Hospital required CPDG2.9 Svahn et al. reported that 3.6% (47/1286) of pediatric 

ALL patients in Nordic countries who received 5000 mg/m2 of MTX required CDPG2.10 A 

recent study from Texas Children’s Hospital (TCH) demonstrated that a higher proportion of 

patients required CPDG2 compared to the proportions reported by Christensen or Svahn. 

While this difference in proportion may be due to different in institutional parameters for 

administration, it was noted that 80% of patients who received CPDG2 in the TCH study 
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were of self-reported Hispanic ethnicity, a proportion well over the total proportion of 

Hispanic patients seen at the Center (35–50% depending on the diagnosis), and a population 

likely underrepresented in the previous published estimates.11 Although there appeared to be 

no difference in 24-hour MTX serum concentrations between Hispanic and non-Hispanic 

patients at the Center, they observed a cluster of Hispanic patients with higher 24-hour 

methotrexate concentrations compared to the other Hispanic and non-Hispanic patients.

To explain these findings, Schafer et al. hypothesized that MTX-related pharmacogenomic 

variants may be more frequent in Hispanic populations and thereby explain the increased 

rate of CPDG2 administration in this cluster.11 There is a growing body of evidence to 

support the role of genetic ancestry and pharmacogenomic factors in ALL treatment 

outcomes12–14 and, more specifically, in MTX toxicity.15–19 None of these studies, however, 

have evaluated the effects of genomic factors on risk for CPDG2 use.

As little is known about the predictors of CPDG2 use, using a case-control approach, we 

sought to interrogate the demographic and clinical risk factors associated with this treatment 

feature among ALL patients treated with ≥1000 mg/m2 of MTX. Moreover, on a subset of 

patients, we evaluated the effect of genetic ancestry and a set of candidate single nucleotide 

variants (SNVs) on the risk of requiring CPDG2.

METHODS

The Clinical Cohort

All patients with ALL at TCH who received between 1000–5000 mg/m2 of MTX from the 

period of September 2010–December 2017 were identified through medical record review. 

The National Institutes of Health standard self-report form was used to collect patient self-

reported race and ethnicity. Clinical information including age, sex, leukemia type, CPDG2 

and MTX administration records, and height and weight prior to each MTX cycle were 

extracted from the electronic medical record, cleaned, and manually reviewed for accuracy. 

Local, institutional guidelines were followed for CPDG2 administration, except where 

guided by any clinical research protocol. For patients not enrolled on a clinical trial, CPDG2 

may have been considered in the following circumstances: at 24 hours post infusion 

initiation if MTX level was ≥ 150 μM or for creatinine > 25% of the baseline level, at 36 or 

42 hours if the MTX level was ≥ 10 μM, or at 48 hours or more for MTX levels ≥ 6 μM.

The Genomic Cohort

Genotype data were available for a subset of 154 patients in the clinical cohort. Informed 

consent and assent, when appropriate, were obtained for sample collection according to 

institutional review board-approved protocols. Briefly, peripheral blood samples were 

collected during routine clinical blood draws once participants reached complete remission. 

DNA was extracted using the PerkinElmer (PerkinElmer, Inc., Waltham, MA) Prepito 

instrument, and each SNV was genotyped using the Illumina (Illumina, Inc., San Diego, CA) 

Infinium Global Screening Array according to the respective manufacturer protocols for 

each instrument. Genetic ancestry was estimated with STRUCTURE version 2.3.4 software 

assuming an admixture model with four underlying subpopulations using HapMap Phase 3 
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reference populations of European, African, East Asian, or Native American ancestry.20 

Native American genetic ancestry was used as a proxy variable for self-reported Hispanic 

ethnicity, consistent with established methodology.21

SNV selection

Candidate SNVs related to MTX pharmacokinetics and pharmacodynamics were selected 

from the Pharmacogenomics Knowledge Base (PharmGKB)22 and from a review of the 

literature by the investigators. We queried the database in September 2018 and found 109 

individual variants associated with MTX toxicity and 42 specifically associated with toxicity 

in ALL patients Through manual literature review, we identified an additional 11 SNVs from 

two genome-wide association studies (GWAS)23,24 describing variants with increased risk of 

hyperuricemia in Hispanic patients, primarily due to defects in renal urate transporters, that 

were also included for analysis (see full SNV list in Table S5).

Statistical Analysis

Descriptive statistics were calculated for each demographic and clinical variable for the 

group of subjects that received CPDG2 and the group that did not. For both the clinical and 

genomic cohort, Bayesian logistic regression was used to estimate odds ratios for each of the 

variables and CPDG2 requirement. The model for the clinical cohort was constructed first. 

First, univariable models for each predictor variable were fit and analyzed (Table S1). 

Through an iterative process of model comparison using the expected logarithmic pointwise 

probability density25 (Table S2) along with considerations of biological plausibility, the final 

clinical model included ethnicity and age. Age was transformed into a standardized variable 

(individual age minus mean age divided by standard deviation) for computational purposes. 

The outcomes for patients who received 1000–2000 mg/m2 MTX were collected and 

reported but not included in modeling due to the paucity of literature describing their risk for 

requiring CPDG2 and due to institutional clinical experience demonstrating a lack of CPDG2 

requirement in these dose ranges. All infant ALL patients received 4000 mg/m2, and both B- 

and T-ALL patients received 5000 mg/m2. logistic regression, which showed no change in 

the conclusions, but more precise estimates of the Bayesian coefficients (Table S3).

During the process of model specification, prior probability distributions for the parameters 

were defined using data from the literature and expert knowledge, and the prior predictive 

distribution was evaluated. In brief, a prior distribution for the intercept term was specified 

such that probabilities for requiring CPDG2 between 0–10% were most likely and higher 

values were possible but increasingly less likely. Prior distributions for the variable 

coefficients were weakly informative and normally distributed, wherein the model allows 

for, but remains skeptical of, strong effect sizes for the variables.26–28 The joint prior 

predictive distribution was evaluated via standard methods (see Appendix A in the 

supplement for further explanation).28,29

The model was run for 4000 iterations, a sufficient number to ensure probability 

convergence.30 Posterior probability distributions were simulated using the Hamiltonian 

Monte Carlo algorithm, and convergence diagnostics were monitored.28,31 Odds ratios 

(ORs) and compatibility intervals (CIs) for the parameters were reported, and probability of 
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positive association (PPA) of the parameter of interest was calculated. This latter statistic is 

calculated as the number of simulated ORs that were greater than one for each variable 

divided by the total number of simulations. This statistic is analogous to a one-sided p-value; 

however, instead of estimating how extreme are the data if the null hypothesis is true, the 

PPA produces a direct estimate of the probability that the hypothesis “a variable is positively 

associated with risk for requiring CPDG2” is true given the model, prior distributions, and 

data.32,33

The genomic models were fit following a similar process. First, a model was fit with the 

ancestry variables for African, European and Native American genetic ancestry data. Then 

SNV-specific effects were estimated using a series of 49 models, one for each variant, coded 

as an additive genetic model and adjusted for ancestry. Similar prior and posterior 

distribution analyses were used as in the clinical cohort.

All statistical analyses were performed in R version 3.5.1.34 Bayesian modeling was 

performed using the “brms” packages,35 and all visualizations were constructed using the 

“ggplot2”, “tidybayes”, and “bayesplot” packages.36–38

RESULTS

Clinical Cohort

A total of 423 patients who received 1592 doses of MTX were identified. Forty-eight 

patients received MTX doses of 1000 mg/m2 or 2000 mg/m2; none of these patients required 

CPDG2. Of the 375 patients who received 4000–5000 mg/m2, 18 (4.8%) required CPDG2. 

Of these patients, 17 (94%) were Hispanic (Table 1). The median age of patients who 

received CPDG2 was 12.7 years (interquartile range [IQR]: 11.4–15.2), compared to 9.4 

years (4.7 −13.6) for those who did not require CPDG2. Sixteen of the 293 (5.5%) patients 

with B-ALL required CPDG2, as did one of the 67 (1.5%) patients with T-ALL and one of 

the 15 (6.7%) patients with infant ALL.

Multivariable Bayesian logistic regression analysis demonstrated that patients of self-

reported Hispanic ethnicity were 4.68 times more likely (95% compatibility interval 

[CI]:1.63–15.06) to require CPDG2 compared to self-reported non-Hispanic patients. Older 

patients were also more likely to require CPDG2, with the odds increasing by 1.87 per one 

standard deviation (5.15 years) increase in age (95% CI:1.17–3.17). Leukemia type, BMI, 

race, and sex did not demonstrate a clear association with CPDG2 requirement (See Table S1 

for univariable estimates; see Table S2 for model comparisons using ELPD-LOO cross-

validation).

Using the full model, predicted probabilities of each patient requiring CPDG2 by age and 

ethnicity demonstrated an increasing probability for older Hispanic patients. For example, a 

9-year-old patient of Hispanic ethnicity has a probability of requiring CPDG2 of 5.6% (95% 

CI: 2.9%−9.1%) compared to 1.4% (95% CI: 0.4%−3.1%) for a similar non-Hispanic patient 

(Table 3).
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Genomic Cohort

Of the patients in the clinical cohort, 154 patients had genotype information available, and 

11 of these patients received CPDG2. Ethnic assignment based on Native American (NA) 

ancestry correlated with Hispanic ethnicity in 91 of the 95 (95.8%) self-reported Hispanic 

patients and 6 of the 59 (10.1%) self-identified non-Hispanic patients. A model of the 

ancestry data demonstrated that a 10% increase in Native American ancestry resulted in an 

increased odd of requiring CPDG2 (OR = 1.11; 95%CI: 0.98 – 1.27) with a PPA of 94%. 

The Asian, African, and European ancestry variables did not demonstrate a notable 

directional association with CPDG2 use.

Of the 53 candidate SNVs identified, 49 were included in the final analysis. One variant was 

excluded because it was an insertion-deletion, and three others were excluded due to 

insufficient coverage of genotyping (Table S5 for full list of SNVs; Table S6 for sample 

genotype frequencies). The models of the genomic loci, which were adjusted to account for 

the association of ethnicity, demonstrated one SNV with a notable association. Each 

additional G allele of rs7317112 in ABCC4, which codes for an MTX efflux transporter in 

renal cells, conferred an increase in the odds of CPDG2 use by 3.10 (95%CI:1.12–6.75) with 

a PPA of 99.5%. Six other loci (NTRK1/rs10908521, TSG1/rs9345389, STT3B/rs1353327, 

SCLO1B1/rs4149056, GATA3/rs3824662, ARID5B/rs10821936) also demonstrated 

probabilities of association between 88–97% (Table 4; Figure 1 for the model coefficients 

for each SNV; Table S7 for risk alleles).

A combined model of ethnicity, age, and the top performing SNV, rs7317112, demonstrated 

associations for each variable and CPDG2 requirement, although the coefficient for age was 

less precisely estimated than in the larger clinical cohort (Table 5). This combined model the 

best predictive performance when compared using ELPD-LOO cross-validation to models 

containing only genetic predictors and only clinical predictors, although the difference was 

small (Table S8). These results can be interpreted that Hispanic ethnicity, age, and 

rs7317112 independently contain predictive information for CPDG2 requirement, although 

precisely estimating the amount of predictive information is limited in by the sample size.

DISCUSSION

This study originated from our observations that Hispanic patients were the majority of 

recipients of CPDG2 at our institution. The results of the multivariable model support the 

association of Hispanic ethnicity with risk for requiring CPDG2 after accounting for 

leukemia type, BMI, age. The model estimated that the odds of a Hispanic patient requiring 

CPDG2 are, on average, 4.7 times higher than for a similar non-Hispanic patient. Using the 

full posterior probability distribution, the model predicted the probability of requiring 

CPDG2, for a patient of average age and BMI, is 5.6% for a Hispanic patient compared to 

1.4% for a non-Hispanic patient.

Hispanic ethnicity has previously been implicated both in risk for MTX toxicity as well as 

for poor ALL treatment outcomes. Our center recently reported that risk of neurotoxicity 

after high-dose MTX was increased in self-reported Hispanic patients.39 Another study 

reported that Hispanic patients had a reduced median steady state MTX level compared to 
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non-Hispanic patients, although this finding was not associated with treatment outcomes.40 

Beyond associations with MTX toxicity, it has also been reported that patients of Hispanic 

ethnicity have inferior outcomes after leukemia therapy compared to non-Hispanic white 

patients.41,42 Using NA as a correlate of Hispanic ethnicity, Yang and colleagues reported 

that the risk of relapse increased with increasing percentage of NA ancestry among leukemia 

patients treated on protocols that did not include a “delayed intensification” phase.21

In our study, NA ancestry correlated with Hispanic ethnicity and effect estimates similarly 

suggested an increased likelihood of requiring CPDG2 with a PPA of 94%. This attenuated 

effect may be explained by the smaller sample size of the genomic cohort. When analyzed in 

the genomic cohort, the effect of Hispanic ethnicity was similar to the effect of NA ancestry 

(3.10 [0.– 11.65] compared to 2.81 [0.80 – 10.92] for 0 to 100% NA ancestry), suggesting 

that, similar to Hispanic ethnicity, NA ancestry would more precisely show a positive 

association with CPDG2 use in a larger cohort.

We found older age was also strongly associated with risk for requiring CPDG2. Our model 

reported an 80% increase in the odds of relapse for every 5-year increase in age. For 

example, while the model predicted a 5.6% expected chance of requiring CPDG2 for a 9-

year-old Hispanic patient, the probability increased to 17.5% (7.9% “ 30.8%) for a 20-year-

old Hispanic patient. Increasing age has been implicated in decreased MTX clearance,43,44 

risk for acute kidney injury43,45 and liver toxicity,43,46 and has been demonstrated in studies 

of adults as well.7 While studies have correlated the effect of age and drug clearance with 

patient weight and body surface area (BSA),44 we found that age had a strong relationship 

with risk for requiring CPDG2 even after controlling for BMI.

None of the 43 patients who received 1000 mg/m2 or the five patients with Down syndrome 

who received 2000 mg/m2 required CPDG2. A review of the literature yielded little 

information about rates of CPDG2 use in these dose ranges. This information is useful for 

clinicians to assess subjective risks for patients receiving these doses of MTX; however, a 

larger cohort would better allow risk quantification.

The genomic analysis revealed multiple SNVs that may be associated with requiring 

CPDG2. Of the 49 variants that were evaluated, seven demonstrated a PPA > 88%. Most 

noteworthy among the associations is rs7317112, an intronic variant (A>G) in an enhancer 

region of ABCC4. Each additional G allele demonstrated 250% increase in the odds of 

CPDG2 use with a PPA of 99.5%. This association was demonstrated while controlling for 

Native American genetic ancestry, and, in a separate model, while controlling for Hispanic 

ethnicity and age, providing evidence that the observed genetic association is independent of 

genetic ancestry, ethnicity, or age (Table 5).

ABCC4, also known as MRP4, codes for a protein that plays an important role as an efflux 

transporter for organic anions on the cell membrane47 and has specifically been identified 

with the transport of MTX out of renal cells for elimination.48 In one study, there was 

suggestive evidence of an association between the G allele and higher 72-hour MTX 

concentrations.49 Another study reported that the AA genotype was associated with 

mucositis when compared to the AG or GG genotypes.50 In the present study, the G allele 
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was found to be the risk allele. Taking this biological evidence together with the statistical 

evidence from this study, rs7317112 may help explain some of the variation in CPDG2 

requirement, independent of the effects of age, ethnicity or genetic ancestry.

The T allele of rs10908521, an intronic variant in the genes NTRK1 and INSRR, 

demonstrated a PPA of 97%. This variant was previously reported to have a possible 

association with decreased uric acid clearance in Hispanic patients.23 The SNV rs1353327 

in the genes STT3B and THRAP3P1 demonstrated a PPA of 92% and has been associated 

with a decreased uric acid to urine creatinine ratio in Hispanic patients.23 The G allele of 

rs9345389 (A>G) in TSG3 demonstrated a PPA of 95% in our analysis and was reported to 

be associated with both increased MRD and increased MTX clearance.12 The C allele of 

rs414056 in SLCO1B1 has previously been associated both with decreased high-dose MTX 

clearance and a decreased tolerance to oral MTX during maintenance therapy.19,51 This 

SNV demonstrated a PPA of 90%. The SNV rs3824662 in GATA3, a locus previously 

associated with risk for increased minimal residual disease and relapse in Ph-like ALL 

patients when treated on MTX-containing treatment regimens, demonstrated a PPA of 89%.
52 The C allele of rs10821936 (C>T) in ARID5B demonstrated a PPA of 89% in our 

analyses and was previously reported to be associated with increased MTX polyglutamate (a 

highly active intracellular metabolite of MTX) in patients with B-ALL.13 Both from the 

statistical evidence presented here and biological evidence from the literature, these loci are 

promising candidates that warrant further investigation.

Our study must be considered in the light of some limitations. First, there are a small 

number of events in the dataset, which limits the inferences that can be made. The wide CIs 

demonstrated for variables such as the SNVs are evidence of influence of the prior 

distributions on the parameter estimates, suggesting insufficient information from the data 

for precise inference. Therefore, the lack of associations between variables and the outcome 

should not be interpreted as evidence of no association. Because the parameter estimates are 

sensitive to the prior distribution, specifying more skeptical priors for the coefficients 

decreased, but did not negate, both the PPA and the magnitude of the observed associations. 

Certain variables that may be associated with CPDG2 requirement were not included in the 

analysis, such as baseline creatinine and a prior history of renal injury. As an observational 

study, the identified risk factors may be postulated to have a causal role in the observed 

effect only if certain conditions are met, which were not evaluated in this present study.53 

From these initial findings, future studies should evaluate an expanded list of predictor 

variable and develop a graphical causal model that may allow for theory-based confounding 

adjustment and causal analysis. Finally, while the scope of this analysis was limited to 

CPDG2 requirement, it may be instructive in future studies to evaluate the co-occurrence of 

other MTX-induced toxicities such as mucositis, hepatotoxicity, and neurotoxicity to 

understand the full clinical consequences and potential protective effects of CPDG2 use.

The primary strength of the study is the ethnically diverse population from which the sample 

was drawn, allowing analysis of a large cohort of Hispanic patients, a demographic relatively 

under-represented in the literature. The dataset included every patient at our center with 

ALL who received 1000 mg/m2 of MTX or greater in the specified timeframe, allowing a 

comprehensive look at our center’s treatment experience. Despite the small number of 
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events in the dataset, the Bayesian techniques employed in the analysis allowed for full use 

of the data, yielding fruitful inferential findings. Similarly, the prior distribution acts as a 

regularizing measure that reduces overfitting and controls for multiple testing, a problem 

that plagues standard frequentist analyses in the pharmacogenomic literature.

CONCLUSION

This study is the first to explore clinical and genetic risk factors for requiring CPDG2. We 

found that Hispanic ethnicity and increasing age are independent demographic risk factors. 

We also found that no patients who received 1000 or 2000 mg/m2 of MTX required CPDG2, 

and we identified multiple genomic loci that are highly likely to be associated with risk for 

CPDG2 independent of the effects of genetic ancestry or Hispanic ethnicity. These findings 

give clinicians important information to better estimate the risk for requiring CPDG2 in their 

patients. This study also supports the need to account for ethnicity when developing 

predictive models for CPDG2 requirement. Genomic information may similarly augment 

predictive abilities and further explain the heterogeneous phenotype of MTX toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CPDG2 Carboxypeptidase G2
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MTX Methotrexate
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OR Odds ratio

CI Compatibility interval

SNV Single nucleotide variant

REFERENCES

1. Fukuhara K, Ikawa K, Morikawa N, Kumagai K. Population pharmacokinetics of high-dose 
methotrexate in Japanese adult patients with malignancies: a concurrent analysis of the serum and 
urine concentration data. Journal of Clinical Pharmacy and Therapeutics. 2008;33(6):677–684. 
doi:10.1111/j.1365-2710.2008.00966.x [PubMed: 19138246] 

Zobeck et al. Page 9

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Ramsey LB, Balis FM, O’Brien MM, et al. Consensus Guideline for Use of Glucarpidase in Patients 
with High-Dose Methotrexate Induced Acute Kidney Injury and Delayed Methotrexate Clearance. 
The Oncologist. 2018;23(1):52–61. doi:10.1634/theoncologist.2017-0243 [PubMed: 29079637] 

3. Evans WilliamE, Stewart ClintonF, Chen C-H, et al. METHOTREXATE SYSTEMIC 
CLEARANCE INFLUENCES PROBABILITY OF RELAPSE IN CHILDREN WITH 
STANDARD-RISK ACUTE LYMPHOCYTIC LEUKAEMIA. The Lancet. 1984;323(8373):359–
362. doi:10.1016/S0140-6736(84)90411-2

4. Evans WE, Crom WR, Abromowitch M, et al. Clinical Pharmacodynamics of High-Dose 
Methotrexate in Acute Lymphocytic Leukemia. New England Journal of Medicine. 
1986;314(8):471–477. doi:10.1056/NEJM198602203140803

5. Relling MV, Fairclough D, Ayers D, et al. Patient characteristics associated with high-risk 
methotrexate concentrations and toxicity. JCO. 1994;12(8):1667–1672. doi:10.1200/
JCO.1994.12.8.1667

6. Widemann BC, Adamson PC. Understanding and Managing Methotrexate Nephrotoxicity. The 
Oncologist. 2006;11(6):694–703. doi:10.1634/theoncologist.11-6-694 [PubMed: 16794248] 

7. May J, Carson KR, Butler S, Liu W, Bartlett NL, Wagner-Johnston ND. High incidence of 
methotrexate associated renal toxicity in patients with lymphoma: a retrospective analysis. 
Leukemia & Lymphoma. 2014;55(6):1345–1349. doi:10.3109/10428194.2013.840780 [PubMed: 
24004183] 

8. Howard SC, McCormick J, Pui C-H, Buddington RK, Harvey RD. Preventing and Managing 
Toxicities of High-Dose Methotrexate. Oncologist. 2016;21(12):1471–1482. doi:10.1634/
theoncologist.2015-0164 [PubMed: 27496039] 

9. Christensen AM, Pauley JL, Molinelli AR, et al. Resumption of high-dose methotrexate after acute 
kidney injury and glucarpidase use in pediatric oncology patients. Cancer. 2012;118(17):4321–
4330. doi:10.1002/cncr.27378 [PubMed: 22252903] 

10. Svahn T, Mellgren K, Harila-Saari A, et al. Delayed elimination of high-dose methotrexate and use 
of carboxypeptidase G2 in pediatric patients during treatment for acute lymphoblastic leukemia: 
Svahn et al. Pediatr Blood Cancer. 2017;64(7):e26395. doi:10.1002/pbc.26395

11. Schafer ES, Bernhardt MB, Reichert KE, Haworth TE, Shah MD. Hispanic ethnicity as a risk 
factor for requiring glucarpidase rescue in pediatric patients receiving high-dose methotrexate. 
American Journal of Hematology. 2018;93(2):E40–E42. doi:10.1002/ajh.24969 [PubMed: 
29119597] 

12. Yang JJ, Cheng C, Yang W, et al. Genome-wide Interrogation of Germline Genetic Variation 
Associated With Treatment Response in Childhood Acute Lymphoblastic Leukemia. JAMA. 
2009;301(4):393–403. doi:10.1001/jama.2009.7 [PubMed: 19176441] 

13. Treviño LR, Yang W, French D, et al. Germline genomic variants associated with childhood acute 
lymphoblastic leukemia. Nature Genetics. 2009;41(9):1001–1005. doi:10.1038/ng.432 [PubMed: 
19684603] 

14. Pavlovic S, Kotur N, Stankovic B, Zukic B, Gasic V, Dokmanovic L. Pharmacogenomic and 
Pharmacotranscriptomic Profiling of Childhood Acute Lymphoblastic Leukemia: Paving the Way 
to Personalized Treatment. Genes. 2019;10(3):191. doi:10.3390/genes10030191

15. Mlakar V, Huezo-Diaz Curtis P, Satyanarayana Uppugunduri CR, Krajinovic M, Ansari M. 
Pharmacogenomics in Pediatric Oncology: Review of Gene—Drug Associations for Clinical Use. 
International Journal of Molecular Sciences. 2016;17(9):1502. doi:10.3390/ijms17091502

16. Suthandiram S, Gan G-G, Zain SM, et al. Effect of polymorphisms within methotrexate pathway 
genes on methotrexate toxicity and plasma levels in adults with hematological malignancies. 
Pharmacogenomics. 2014;15(11):1479–1494. doi:10.2217/pgs.14.97 [PubMed: 25303299] 

17. Liu S-G, Gao C, Zhang R-D, et al. Polymorphisms in methotrexate transporters and their 
relationship to plasma methotrexate levels, toxicity of high-dose methotrexate, and outcome of 
pediatric acute lymphoblastic leukemia. Oncotarget. 2017;8(23):37761–37772. doi:10.18632/
oncotarget.17781 [PubMed: 28525903] 

18. Treviño LR, Shimasaki N, Yang W, et al. Germline Genetic Variation in an Organic Anion 
Transporter Polypeptide Associated With Methotrexate Pharmacokinetics and Clinical Effects. 
JCO. 2009;27(35):5972–5978. doi:10.1200/JCO.2008.20.4156

Zobeck et al. Page 10

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Ramsey LB, Panetta JC, Smith C, et al. Genome-wide study of methotrexate clearance replicates 
SLCO1B1. Blood. 2013;121(6):898–904. doi:10.1182/blood-2012-08-452839 [PubMed: 
23233662] 

20. Mao X, Bigham AW, Mei R, et al. A genomewide admixture mapping panel for Hispanic/Latino 
populations. The American Journal of Human Genetics. 2007;80(6):1171–1178. [PubMed: 
17503334] 

21. Yang JJ, Cheng C, Devidas M, et al. Ancestry and pharmacogenomics of relapse in acute 
lymphoblastic leukemia. Nature Genetics. 2011;43(3):237–241. doi:10.1038/ng.763 [PubMed: 
21297632] 

22. Whirl‐Carrillo M, McDonagh EM, Hebert JM, et al. Pharmacogenomics knowledge for 
personalized medicine. Clinical Pharmacology & Therapeutics. 2012;92(4):414–417. [PubMed: 
22992668] 

23. Chittoor G, Haack K, Mehta NR, et al. Genetic variation underlying renal uric acid excretion in 
Hispanic children: the Viva La Familia Study. BMC Med Genet. 2017;18(1):6. doi:10.1186/
s12881-016-0366-3 [PubMed: 28095793] 

24. Voruganti VS, Kent JWJ, Debnath S, et al. Genome-wide association analysis confirms and extends 
the association of SLC2A9 with serum uric acid levels to Mexican Americans. Front Genet. 
2013;4. doi:10.3389/fgene.2013.00279

25. Vehtari A, Gelman A, Gabry J. Practical Bayesian model evaluation using leave-one-out cross-
validation and WAIC. Stat Comput. 2017;27(5):1413–1432. doi:10.1007/s11222-016-9696-4

26. Gelman A, Jakulin A, Pittau MG, Su Y-S. A weakly informative default prior distribution for 
logistic and other regression models. Ann Appl Stat. 2008;2(4):1360–1383. doi:10.1214/08-
AOAS191

27. Gelman A, Simpson D, Betancourt M. The Prior Can Often Only Be Understood in the Context of 
the Likelihood. Entropy. 2017;19(10):555. doi:10.3390/e19100555

28. McElreath R Statistical Rethinking: A Bayesian Course with Examples in R and Stan. CRC press; 
2020.

29. Gabry J, Simpson D, Vehtari A, Betancourt M, Gelman A. Visualization in Bayesian workflow. J R 
Stat Soc A. 2019;182(2):389–402. doi:10.1111/rssa.12378

30. Vehtari A, Gelman A, Simpson D, Carpenter B, Bürkner P-C. Rank-Normalization, Folding, and 
Localization: An Improved $\widehat{R}$ for Assessing Convergence of MCMC. Bayesian Anal. 
Published online 2020. doi:10.1214/20-BA1221

31. Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari A, Rubin DB. Bayesian Data Analysis. CRC 
press; 2013.

32. Bendtsen M A Gentle Introduction to the Comparison Between Null Hypothesis Testing and 
Bayesian Analysis: Reanalysis of Two Randomized Controlled Trials. Journal of Medical Internet 
Research. 2018;20(10):e10873. doi:10.2196/10873 [PubMed: 30148453] 

33. Makowski D, Ben-Shachar MS, Chen SHA, Lüdecke D. Indices of Effect Existence and 
Significance in the Bayesian Framework. Front Psychol. 2019;10. doi:10.3389/fpsyg.2019.02767

34. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for 
Statistical Computing; 2018. https://www.R-project.org/

35. Bürkner P-C. brms: An R Package for Bayesian Multilevel Models Using Stan. Journal of 
Statistical Software. 2017;80(1):1–28. doi:10.18637/jss.v080.i01

36. Wickham H Ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York; 2016. 
https://ggplot2.tidyverse.org

37. Kay M Tidybayes: Tidy Data and Geoms for Bayesian Models; 2020. doi:10.5281/zenodo.1308151

38. Gabry J, Mahr T. Bayesplot: Plotting for Bayesian Models; 2020. https://mc-stan.org/bayesplot

39. Taylor OA, Brown AL, Brackett J, et al. Disparities in Neurotoxicity Risk and Outcomes among 
Pediatric Acute Lymphoblastic Leukemia Patients. Clin Cancer Res. 2018;24(20):5012–5017. 
doi:10.1158/1078-0432.CCR-18-0939 [PubMed: 30206159] 

40. Salzer WL, Winick NJ, Wacker P, et al. Plasma Methotrexate, Red Blood Cell Methotrexate, and 
Red Blood Cell Folate Values and Outcome in Children With Precursor B-acute Lymphoblastic 
Leukemia: A Report From the Childrenʼs Oncology Group. Journal of Pediatric Hematology / 
Oncology. 2012;34(1):e1–e7. doi:10.1097/MPH.0b013e31820ee239 [PubMed: 21364468] 

Zobeck et al. Page 11

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.R-project.org/
https://ggplot2.tidyverse.org
https://mc-stan.org/bayesplot


41. Kadan-Lottick NS, Ness KK, Bhatia S, Gurney JG. Survival Variability by Race and Ethnicity in 
Childhood Acute Lymphoblastic Leukemia. JAMA. 2003;290(15):2008–2014. doi:10.1001/
jama.290.15.2008 [PubMed: 14559954] 

42. Goggins WB, Lo FFK. Racial and ethnic disparities in survival of US children with acute 
lymphoblastic leukemia: evidence from the SEER database 1988–2008. Cancer Causes Control. 
2012;23(5):737–743. doi:10.1007/s10552-012-9943-8 [PubMed: 22450738] 

43. Csordas K, Hegyi M, Eipel OT, Muller J, Erdelyi DJ, Kovacs GT. Comparison of pharmacokinetics 
and toxicity after high-dose methotrexate treatments in children with acute lymphoblastic 
leukemia: Anti-Cancer Drugs. 2013;24(2):189–197. doi:10.1097/CAD.0b013e32835b8662 
[PubMed: 23187460] 

44. Aumente D, Buelga DS, Lukas JC, Gomez P, Torres A, García MJ. Population Pharmacokinetics of 
High-Dose Methotrexate in Children with Acute Lymphoblastic Leukaemia. Clin Pharmacokinet. 
2006;45(12):1227–1238. doi:10.2165/00003088-200645120-00007 [PubMed: 17112298] 

45. Cheng D-H, Lu H, Liu T-T, Zou X-Q, Pang H-M. Identification of Risk Factors in High-Dose 
Methotrexate-Induced Acute Kidney Injury in Childhood Acute Lymphoblastic Leukemia. 
Chemotherapy. 2018;63(2):100–106. doi:10.1159/000486823

46. Rask C, Albertioni F, Bentzen SM, Schroeder H, Peterson C. Clinical and Pharmacokinetic Risk 
Factors for High-dose Methotrexate-induced Toxicity in Children with Acute Lymphoblastic 
Leukemia: A Logistic Regression Analysis. Acta Oncologica. 1998;37(3):277–284. 
doi:10.1080/028418698429586 [PubMed: 9677100] 

47. ABCC4 Gene - GeneCards | MRP4 Protein | MRP4 Antibody. Accessed May 8, 2020. https://
www.genecards.org/cgi-bin/carddisp.pl?gene=ABCC4

48. Chen Z-S, Lee K, Walther S, et al. Analysis of Methotrexate and Folate Transport by Multidrug 
Resistance Protein 4 (ABCC4): MRP4 Is a Component of the Methotrexate Efflux System. Cancer 
Res. 2002;62(11):3144–3150. [PubMed: 12036927] 

49. Lopez-Lopez E, Ballesteros J, Piñan MA, et al. Polymorphisms in the methotrexate transport 
pathway: a new tool for MTX plasma level prediction in pediatric acute lymphoblastic leukemia. 
Pharmacogenetics and Genomics. 2013;23(2):53–61. doi:10.1097/FPC.0b013e32835c3b24 
[PubMed: 23222202] 

50. den Hoed MAH, Lopez-Lopez E, te Winkel ML, et al. Genetic and metabolic determinants of 
methotrexate-induced mucositis in pediatric acute lymphoblastic leukemia. The 
Pharmacogenomics Journal. 2015;15(3):248–254. doi:10.1038/tpj.2014.63 [PubMed: 25348617] 

51. Eldem I, Yavuz D, Cumaogullari O, et al. SLCO1B1 Polymorphisms are Associated With Drug 
Intolerance in Childhood Leukemia Maintenance Therapy. Journal of Pediatric Hematology. 
2018;40(5). doi:10.1097/MPH.0000000000001153

52. Perez-Andreu V, Roberts KG, Harvey RC, et al. Inherited GATA3 variants are associated with Ph-
like childhood acute lymphoblastic leukemia and risk of relapse. Nature Genetics. 
2013;45(12):1494–1498. doi:10.1038/ng.2803 [PubMed: 24141364] 

53. Rothman KJ, Greenland S, Lash TL. Modern Epidemiology. Lippincott Williams & Wilkins; 2008.

Zobeck et al. Page 12

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.genecards.org/cgi-bin/carddisp.pl?gene=ABCC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ABCC4


Novelty and Impact:

Little is known about risk factors for requiring glucarpidase for methotrexate toxicity 

during pediatric acute lymphoblastic leukemia (ALL) treatment. This is the first study to 

look in depth at demographic, clinical and genetic risk factors for glucarpidase use. We 

report that Hispanic ethnicity and age are independent risk factors. Moreover, genetic 

ancestry and several single nucleotide variants previously associated with methotrexate 

toxicity are potential genetic risk factors. If validated in independent populations, this 

information could be leveraged to improve risk-stratification strategies for preventing 

methotrexate toxicity in children with ALL.
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FIGURE 1. 
Results of logistic regression models for the association of each SNV and CPDG2 

requirement. Each estimate is controlled for genetic ancestry and estimates are reported on 

the log-odds scale. All estimates are transformed to represent positive associations (i.e the 

allele associated with increased risk for CPDG2 is the “risk” allele). Light blue points 

represent median values. Thick navy lines represent 50% compatibility intervals. Thin light 

blue lines represent 95% compatibility intervals.
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TABLE 2

Results of the multivariable Bayesian logistic regression of clinical risk factors for requiring CPDG

Variable OR
1

95% CI
1

Ethnicity

 Non-Hispanic - -

 Hispanic Ethnicity 4.68 1.63–15.06

Age

 Age (standardized)
1

1.87 1.17– 3.17

1
Odds ratio, OR; 95% compatibility interval, 95% CI.

2
One standard deviation in age was 5.15 years
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TABLE 3

Predictions of probability for requiring CPDG2 from simulated data and the multivariable logistic regression 

model for age and ethnicity

Simulated Data Probability (%) 95% CI (%)

9-years-old, Non-Hispanic 1.4 0.4 – 3.1

9-years-old, Hispanic 5.6 2.9 – 9.1

19-years-old, Non-Hispanic 4.8 1.1 – 12.0

19-years-old, Hispanic 17.5 7.9 – 30.8
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Table 5

Results of multivariable logistic regression analysis of factors associated with CPDG2 requirement in the 

genomic cohort

Covariate Estimate
1

95% CI
1

Age (standardized)
2 1.80 0.92 – 3.85

Hispanic Ethnicity 3.47 1.08 – 12.45

rs7317112 3.07 1.21 – 8.03

1
All values are odds ratios. CI, compatibility interval.

2
One standard deviation in age was 5.15 years
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