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Abstract

We conducted the first HLA allele and genome wide association study to identify loci associated 

with hypersensitivity reactions exclusively to the PEGylated preparation of asparaginase 

(pegaspargase) in racially diverse cohorts of pediatric leukemia patients: St. Jude Children’s 

Research Hospital’s Total XVI (TXVI, n = 598), Children’s Oncology Group AALL0232 (n = 

2472) and AALL0434 (n = 1189). Germline DNA was genotyped using arrays. Genetic variants 

not genotyped directly were imputed. HLA alleles were imputed using SNP2HLA or inferred 

using BWAkit. Analyses between genetic variants and hypersensitivity were performed in each 

cohort first using cohort-specific covariates and then combined using meta-analyses. Nongenetic 
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risk factors included fewer intrathecal injections (P = 2.7×10−5 in TXVI) and male sex (P 
= 0.025 in AALL0232). HLA alleles DQB1*02:02, DRB1*07:01, and DQA1*02:01 had the 

strongest associations with pegaspargase hypersensitivity (P < 5.0×10−5) in patients with primarily 

European ancestry (EA), with the three alleles associating in a single haplotype. The top allele 

HLA-DQB1*02:02 was tagged by HLA-DQB1 rs1694129 in EAs (r2 = 0.96) and less so in non-

EAs. All single nucleotide polymorphisms associated with pegaspargase hypersensitivity reaching 

genome-wide significance in EAs were in class II HLA loci, and were partially replicated in non-

EAs, as is true for other HLA associations. The rs9958628 variant, in ARHGAP28 (previously 

linked to immune response in children) had the strongest genetic association (P = 8.9×10−9) 

in non-EAs. The HLA-DQB1*02:02-DRB1*07:01-DQA1*02:01 associated with hypersensitivity 

reactions to pegaspargase is the same haplotype associated with reactions to non-PEGylated 

asparaginase, even though the antigens differ between the two preparations.
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Introduction

Asparaginase is a crucial treatment component for pediatric acute lymphoblastic leukemia 

(ALL) and lymphoma. Hypersensitivity reaction is the primary adverse effect of both native 

and PEGylated E. coli asparaginase (ASNase and pegaspargase). Although IgG antibodies 

against both preparations of asparaginase have been detected and associated with reactions, 

we showed that antibodies against pegaspargase predominantly targeted polyethylene glycol 

(PEG), whereas antibodies against ASNase primarily targeted the asparaginase protein, 

indicating differences in the mechanisms of their immunogenicity.(1) Efforts have been 

made to understand the mechanisms of these reactions and to develop effective preventative 

treatment based on genetic risk factors such as an NFATC2 variant previously identified.

(2) Mutations have been introduced to E. coli asparaginase protein to make it less 

immunogenic.(3, 4) Previously, we and others identified variations in several HLA loci that 

were associated with asparaginase hypersensitivity in children of predominantly European 

ancestry treated for ALL.(5–8) Nevertheless, our previous study used combined cohorts 

consisting of patients treated with either ASNase or pegaspargase, while two other studies 

investigated hypersensitivity only to native ASNase. Because ASNase is no longer used in 

frontline therapy in major cooperative group trials in North America and the European 

Union, understanding the risk of hypersensitivity to pegaspargase in a cohort without 

ASNase treatment is needed. Here we present a genome-wide and HLA-focused analysis 

of genomic risk factors for hypersensitivity reactions exclusively to pegaspargase using the 

largest cohort of pediatric ALL and include results from multiple ancestries.
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Methods

Patients and phenotype

Three cohorts of ALL patients, all using pegaspargase upfront, were included in this study. 

One cohort was treated with St. Jude Children’s Research Hospital’s Total XVI (TXVI) 

protocol (n = 598, B- and T-lineage ALL). The other two were treated with Children’s 

Oncology Group (COG) protocols: AALL0232 (n = 2472, B-ALL only) and AALL0434 (n 

= 1189, T-ALL only). Hypersensitivity reaction data were retrieved from research databases 

with reactions documented as part of the prospective toxicity reporting of each protocol 

(as of June 2018 for TXVI and December 2018 for COG protocols). Treatment details 

have been described.(1, 9, 10) Reactions were graded according to Common Terminology 

Criteria for Adverse Events (CTCAE) v3 (allergic reaction/hypersensitivity) in TXVI and 

CTCAE v4 (allergic reaction/anaphylaxis) in AALL0232 and AALL0434. Grade 1 reactions 

were defined by transient flushing/rash, drug fever < 38C° with no intervention indicated 

and were not requested to be reported in these trials. Therefore, in this study, patients 

with pegaspargase hypersensitivity reactions of grade 2 or higher were treated as reaction 

positive; the rest were treated as reaction negative. Associations between patient- and 

treatment- related variables and pegaspargase reactions were analyzed with general logistic 

regression. Treatment-related variables analyzed for their association with pegaspargase 

hypersensitivity reactions included: number of intrathecal injections during remission 

induction (TXVI), number of pegaspargase doses during remission induction (TXVI, or 

as receiving extended induction or not in AALL0232), glucocorticoid (dexamethasone vs 

prednisone) used in remission induction (AALL0232), number of delayed intensifications 

(AALL0232), methotrexate arm (AALL0232 and AALL0434), and receiving nelarabine 

or not (AALL0434). Informed consent from the parents or guardians and assent from the 

patients, as appropriate, were obtained with oversight by the local Institutional Review 

Boards.

Genotyping

Germline DNA collected after remission induction therapy was genotyped using the 

Illumina Exome-24 BeadChip (596 and 2056 patients on TXVI and AALL0232 

respectively), the Affymetrix Genome-Wide Human SNP Array 6.0 (596 patients on TXVI 

and 2275 patients on AALL0232), or the Illumina Infinium Omni2.5-exome BeadChip 

(1026 patients on AALL0434). Illumina Infinium Omni2.5-exome array included most 

the content of Illumina Exome-24 BeadChip, and the single nucleotide polymorphisms 

(SNPs) in the HLA region that were common to both arrays were used to infer 

HLA alleles. Whole exome sequencing (WES) was performed only on TXVI germline 

DNA samples (n = 595). iAdmix (11) was used to infer genetic ancestry percentage 

for each patient using 1000genome data (12) as reference. Percent ancestry was used 

to assign patients to ancestry groups: patients having ≥ 90% European ancestry (EA, 

reference population: GBR/CEU/FIN/TSI/IBS); patients having ≥ 70% African ancestry 

(AA, reference population: YRI/LWK/GWD/MSL/ESN/ASW/ACB); patients having ≥ 

10% Native American ancestry (AMR, reference population: PEL/CLM/PUR/MXL) and 

Native American ancestry being the greatest non-EA ancestry; patients having ≥ 90% 

East Asian (EAS, reference population: CHB/JPT/CDX/CHS/KHV) or South Asian (SAS, 
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reference population: BEB/GIH/PJL/ITU/STU) ancestry (AS), and others whose ancestry 

was outside the above boundaries (Other). The principal component analysis (PCA) plot 

with 1000genome samples is in Figure S1, and the comparison between ancestry group 

and self-reported race/ethnicity group is in Table S1. We also estimated the percentage 

of Native American ancestry for TXVI patients using an independent cohort of Native 

American population with Affymetrix SNPCHIP available as reference,(13) and the 

estimated percentage Native American ancestries were highly consistent (r2 > 0.99) with 

what was obtained using 1000genome as the reference population. Genetic variants not 

genotyped directly were imputed using the Michigan Imputation Server. SNPs were included 

in analyses with imputation r2 > 0.6 and Hardy-Weinberg disequilibrium P value (within EA 

patients) > 0.0001 across all cohorts.

Data analysis

Genome-wide association studies (GWAS) were performed on all patients and within 

different ancestry groups (EAs, non-EAs, AAs and AMRs) for each treatment protocol 

adjusting for protocol-specific covariates and ancestry. Meta-analyses were performed 

combining results from the same ancestry group across protocols (Figure S2). Additional 

trans-ancestry meta-analysis was performed to combine the results across multiple ancestry 

groups. All GWAS were performed using PLINK 2.00 alpha.(14) All meta-analyses were 

performed using generic inverse variance method in PLINK 1.9 (Figure S2).(15) Pooled 

odds ratios (ORs) were calculated using random effects models. An OR > 1 indicates that 

the presence of the HLA allele, or the amino acid variant, or the minor allele of the SNP, was 

associated with increased risk of hypersensitivity. In all GWAS except for ones in EAs only, 

percentage ancestries were treated as continuous variable covariates.

HLA alleles were imputed for all patients using SNP2HLA v1.0.2.(16) EA, AA, AMR, and 

Other patients were imputed using T1DGC as the reference panel. AS patients were imputed 

using the Pan-Asian reference panel.(17) The association between SNP2HLA-imputed HLA 

alleles and pegaspargase hypersensitivity reactions was analyzed in EAs, AAs, AMRs, and 

non-EAs within each protocol using protocol-specific covariates using PLINK 2.00 alpha. 

For TXVI patients, HLA alleles were also inferred from WES data using BWAkit 0.7.11,

(18) and inferred HLA alleles were compared to those obtained by SNP2HLA (Table 

S2). The BWAkit results were not combined with SNP2HLA results in any analyses. 

Associations between BWAkit-inferred HLA alleles and hypersensitivity on TXVI were 

analyzed adjusting for the number of intrathecal injections during induction;(1) associations 

in non-EAs treated on TXVI also adjusted for ancestry percentage.

We used the following for the alpha level for significance for association analyses: for HLA 

alleles, we used 5.2×10−4 (0.05/97 [number of imputed HLA alleles]); for HLA amino 

acids, we used 4.8×10−5 (0.05/1041 [number of imputed HLA amino acid variants]), and for 

GWAS of SNPs, we used 5×10−8.

Locus zoom plots were made with https://locuszoom.org/.(19) Other statistical analyses and 

graphics were generated using R version 3.6.
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Results

Patient- and treatment-related risk factors for pegaspargase hypersensitivity reactions

Of the evaluable patients (Table 1) in TXVI, AALL0232, and AALL0434, 13.7% (82 of 

598), 15.2% (375 of 2472) and 8.2% (98 of 1189) patients had reactions to pegaspargase, 

respectively. As we previously reported, a higher number of intrathecal injections during 

remission induction was the only clinical covariate associated with lower risk of reactions to 

pegaspargase in TXVI (P = 6.4×10−5 OR 0.73, Table S3A).(1) Male patients were at higher 

risk for reactions in AALL0232 compared with females (P = 0.025 OR 1.24, Table S3B). 

No patient- or treatment-related variable was associated with reactions in AALL0434 (Table 

S3C). Risk for reactions did not differ by ancestry in all three protocols (Table S3).

Imputed HLA alleles in EA patients

HLA alleles are known to be associated with hypersensitivity reactions to asparaginase 

and other drugs;(5–7, 20) we successfully imputed HLA alleles in EA patients (for 

whom adequate reference data exist), and analyzed associations between HLA alleles, 

amino acid variants in HLA genes, and reactions to pegaspargase among EAs including 

the protocol-specific covariates (number of intrathecal injections during induction for 

TXVI, sex for AALL0232, none for AALL0434). In a meta-analysis combining results 

from the three cohorts, among 97 HLA alleles, HLA-DQB1*02:02, HLA-DRB1*07:01, 

HLA-DQA1*02:01, and HLA-DRB1*04:02 had the strongest association with reactions to 

pegaspargase (Pmeta = 3.8×10−9 OR 2.13, Pmeta = 2.2×10−5 OR 1.96, Pmeta = 2.7×10−5 OR 

1.96, and Pmeta = 6.3×10−5 OR 4.61 respectively, Table 2, Figure 1A); among 1041 amino 

acid variants, glycine at position 135 of HLA-DQB1, a marker for the HLA-DQB1*02:02 
allele, had the strongest association with reactions (Pmeta = 3.8×10−9 OR 2.13, Table S4). 

Phasing data acquired through Beagle showed that the top three alleles represent an extended 

haplotype in EAs (r2 = 1.0 between HLA-DRB1*07:01 and HLA-DQA1*02:01, r2 = 0.73 

between HLA-DQB1*02:02 and either HLA-DRB1*07:01 or HLA-DQA1*02:01, Table 

S5). All but one patient with HLA-DQB1*02:02 also had the extended haplotype HLA-
DRB1*07:01-DQA1*02:01-DQB1*02:02. In multivariable analyses, none of the alleles/

haplotypes remained significant after adjusting for another allele due to the extended linkage 

disequilibrium (LD) (P > 0.07, Table S6). The top DRB1 amino acids do not mark HLA-
DRB1*07:01 and are not shared by the top HLA-DRB1 allele hits (DRB1*07:01, *04:02, 
and *04:05).

HLA alleles in non-EA patients

WES data available for TXVI patients was used for direct assignment of HLA alleles (HLA-
DRB1*07:01, HLA-DQA1*02:01 and HLA-DQB1*02:02) in this cohort, including 194 

non-EA patients. Among the three top predictive HLA alleles in EAs, none had significant 

associations with reactions in TXVI non-EA patients after adjusting for ancestry percentage 

and number of intrathecal injections (P = 0.42, 0.36, and 0.96 for HLA-DRB1*07:01, 
-DQA1*02:01, and -DQB1*02:02). Within TXVI, inferred HLA alleles with P < 0.05 

among non-EAs, with corresponding P values in EAs, are shown in Table S7: none of the 

associations for HLA alleles in non-EAs were replicated in EAs.
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In order to examine HLA alleles in all ancestry groups in all protocols, not just TXVI 

with its WES data, we imputed HLA alleles in the combined cohort of 3775 patients 

with Illumina chip array genotype from all three protocols (Table S8). Because SNP2HLA 

imputation using the EA T1DGC reference panel has been shown to have > 90% accuracy 

for class II HLA genes in an AA population,(21) we also imputed HLA alleles in 

non-EA patients (AA, AMR, and Other) using SNP2HLA, although SNP2HLA may 

not have performed well for estimating HLA alleles in non-EA patients (Table S2). 

None of the imputed alleles reached the significance threshold after multiple testing 

adjustment, but HLA-DRB1*07:01, HLA-DQA1*02:01 and HLA-DQB1*02:02 reached 

nominal significance in non-EA patients (Pmeta = 0.011 OR 1.94, Pmeta = 0.024 OR 2.09, 

and Pmeta = 0.041 OR 1.75 respectively, Table S8).

GWAS of SNPs in patients of all ancestries

To look for genetic variants in addition to HLA alleles associated with hypersensitivity, 

genome-wide analyses of Illumina typed and Michigan-imputed genotypes passing QC were 

performed for all patients (all ancestries) in each individual cohort adjusting for percent 

ancestries and cohort-specific covariates. In a meta-analysis combining results from the 

three cohorts, all genome-wide significant variants fell in the HLA-DRB1 and -DQA1 loci 

on chromosome 6 (Pmeta < 5×10−8, Table S9, Figure 1B). The top hit rs28383308 (Pmeta 

= 4.9×10−14 OR 1.95) locates 9173bp 5’ of the HLA-DQA1 gene. Among EA patients 

rs28383308 tags HLA-DRB1*07:01 (r2 = 0.85) and HLA-DQB1*02:02 to a lesser extent (r2 

= 0.62, Table S10A). LD between rs28383308 and HLA-DQA1*02:01 is the same as that 

with HLA-DRB1*07:01 due to the complete linkage between the two alleles. Additionally, 

we performed GWAS adjusting for top five principal components for ancestry, and the 

results of top variants are consistent with the results adjusting for percent ancestries (r2 > 

0.99, Figure S3).

We also performed GWASs within ancestry groups. In a meta-analysis of EA patients in 

these protocols, all genome-wide significant variants fell in the HLA-DQA1 and -DQB1 
locus on chromosome 6 (Pmeta < 5×10−8, Table S11, Figure 1C). The top hit rs1694129 

(Pmeta = 1.1×10−8, OR 2.03) locates 1582 bp 5’ of the HLA-DQB1 gene in a histone-binding 

site. rs1694129 tags HLA-DQB1*02:02, the top hit among imputed 4-digit HLA alleles 

in EAs (r2 = 0.96, Table S10B). The same analysis adjusting for HLA-DQB1*02:02 or 

HLA-DRB1*07:01 did not yield any genome-wide significant variants, indicating a high 

level of LD between these individual SNPs and the top HLA alleles (Figure S4).

Similar SNP-based GWAS and meta-analyses were conducted in combined non-EA (n 

= 1607), AA (n = 310), and AMR (n = 798) patients adjusting for genetic ancestry. 

Among non-EAs, rs9958628, located in the 5’-UTR of the Rho GTPase activating protein 

28 (ARHGAP28) gene transcript, was the top genetic variant and reached genome-wide 

significance in its association with hypersensitivity (Pmeta = 8.9×10−9, OR 3.69, Figure 1D, 

Table S12). This SNP was also the top non-HLA hit among all evaluable patients (Pmeta 

= 1.2×10−7, OR 3.03, Figure 1B) and was associated with reactions in a meta-analysis 

in AAs from the three cohorts (P = 0.010 in TXVI, P = 0.039 in AALL0232, and P = 

0.0015 in AALL0434, Pmeta = 3.2×10−5, OR 2.03) but not in EAs or AMRs, plausibly 
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due to low minor allele frequency (< 1%). The other two genome-wide significant hits 

among non-EAs were rs79377225 and rs11739459, located 43kb and 39kb 3’ of GC-rich 

promoter binding protein 1 (GPBP1) (Pmeta = 2.5×10−8, OR 2.70 and Pmeta = 2.7×10−8, OR 

2.50 respectively, Figure 1D, Table S12). Some variants in the HLA-DRA locus, although 

they did not reach genome-wide significance, were also associated with reactions (Table 

S12, Figure 1D). No genetic variants reached genome-wide significance in meta-analyses 

of AAs or AMRs (Tables S13&S14, Figure S5). In addition, we performed trans-ancestry 

meta-analysis based on the ancestry specific analyses. rs11739459 and rs79377225 remained 

genome-wide significant (Table S15, Pmeta = 8.8×10−9 OR 2.60 and Pmeta = 1.6×10−8 OR 

2.74 respectively).

Next, we examined if the tagging SNPs for the significant imputed HLA alleles in EA 

patients were also significant in non-EAs. The top SNP rs1694129 in EAs remained 

nominally significantly associated with pegaspargase reactions in non-EA patients, adjusting 

for percent ancestry (Pmeta = 0.013, OR 2.01, Table S11). This SNP well tags HLA-
DQB1*02:02 in EAs (r2 = 0.96), but only moderately tags HLA-DRB1*07:01 (r2 = 0.55) 

and HLA-DQB1*02:02 (r2 = 0.52) in non-EAs based on TXVI WES data (n = 194). The 

same SNP did not reach statistical significance when analyzed in AAs only (Pmeta = 0.14) 

or AMRs only (Pmeta = 0.15), likely due to the limit of smaller sample size, although the 

association was in the same direction as in EAs. There was some degree of heterogeneity 

across ancestry groups for this SNP but it did not reach statistical significance (I2 = 0.54, 

P.het = 0.11) The differences in HLA SNPs associated with pegaspargase reactions by 

ancestry groups are reflected in the locus zoom plots on a region on chromosome 6 covering 

major class II HLA genes (HLA-DRA, -DRB1, -DQA1, -DQB1, -DPA1, and -DPB1) 

(Figure 2). Top HLA hits in all patients (all ancestries) mainly overlap with those in EAs, 

probably because EA patients made up most of the three cohorts (Table 1). The top HLA hit 

in non-EA patients HLA-DRA rs9268670 did not replicate in EAs (Pmeta = 0.066), although 

the direction of association was the same. Top HLA hits in all non-EAs overlap with those 

in AMRs, both in the HLA-DRA loci. SNPs in the HLA region seem to have the weakest 

contribution to risk for pegaspargase reactions in AAs. None of the SNPs in the class I HLA 

loci had stronger associations than the top hits in class II HLA loci.

Discussion

Pegaspargase and native ASNase differ in their risk of causing hypersensitivity reactions, 

the severity of the reactions, and the major epitope targeted by anti-ASP antibodies that 

mediate the reactions.(1) Two previous studies associated native ASNase hypersensitivity 

with the HLA-DRB1*07:01-DQA1*02:01-DQB1*02:02 haplotype in pediatric ALL cohorts 

with predominantly European ancestry.(5, 6) In this report, we analyzed associations 

between HLA alleles and pegaspargase hypersensitivity in the largest cohort so far of 

patients exclusively treated with pegaspargase as first line therapy, and our patients were 

ancestrally diverse. Although predominantly mediated by antibodies against PEG, not the 

asparaginase protein,(1) hypersensitivity reactions to pegaspargase were strongly associated 

with the same HLA haplotype as in the case of ASNase. Interestingly, Gagne et al attributed 

the high risk of this haplotype mainly to the presence of DQB1*02:02, not the other 

two alleles.(6) Analysis of our cohorts showed similar results (Table 2, Figure 1A, 2 & 
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3): HLA-DQB1*02:02 had a lower P value than the other two alleles (Table 2, Pmeta = 

3.8×10−9 vs. 2.2×10−5 and 2.7×10−5) and was the only allele significantly associated with 

reactions in all three cohorts. HLA-DRB1*07:01 only increased the risk for reactions when 

accompanied by -DQB1*02:02 (P = 0.45 vs P = 2.0×10−7, Figure 3). Patients harboring 

the full haplotype with all three of HLA-DRB1*07:01, -DQA1*02:01 and -DQB1*02:02 
tended to be at higher risk for reactions than those who only had -DRB1*07:01 and 

-DQA1*02:01 but not -DQB1*02:02 (21.3% vs 13.7%, P = 0.061, Figure 3). A study 

on type I diabetes also found that the effect of HLA-DRB1*07:01 relied on the DQB1 
allele it shared a haplotype with.(22) However in multivariable analyses, we could not 

statistically distinguish which of the three alleles or haplotype was dominant due to the 

extended LD. On the HLA amino acid level, the top amino acid variant associated with 

reactions marks HLA-DQB1*02:02, while none of the top DRB1 amino acid variants mark 

HLA1-DRB1*07:01, further supporting the importance of the DQB1 over the DRB1 allele. 

After adjusting for HLA-DQB1*02:02, the top amino acid was no longer significant and 

no additional amino acid was significantly associated with reactions adjusting for multiple 

testing (alpha = 0.05/1041 of AA). Moreover, the top DRB1 amino acids are not shared by 

the top HLA-DRB1 allele hits (HLA-DRB1*07:01, *04:02, and *04:05), and therefore the 

mechanism of association is not readily explained by the coded amino acids.

We are the first to interrogate genetic risk factors for asparaginase hypersensitivity 

reactions in non-EA patients as separate ancestry groups. Our results identified ARHGAP28 
rs9958628 as the top genetic variant associated with pegaspargase hypersensitivity in non-

EAs with genome-wide significance. The same SNP was also the top non-HLA hit in all 

patients. Interestingly, variants in the ARHGAP28 locus were associated with poor response 

to corticosteroid treatment in asthma patients, especially non-EA children, indicating the 

immune regulatory function of this locus.(23, 24)

Using BWAkit-inferred HLA alleles in the relatively small number of non-EAs enrolled 

on the TXVI protocol (who had available WES data), HLA alleles highly associated with 

reactions in EA patients did not replicate in non-EA patients (Table S7). However, using 

SNP2HLA-imputed HLA alleles on all three cohorts, the imputed alleles associated with 

reactions in EA patients did replicate in non-EA patients (Table S8), but the imputation had 

lower accuracy than in EA patients (Table S2). When limited to SNPs (rather than alleles), 

the top SNP HLA-DQB1 rs1694129 associated with pegaspargase hypersensitivity reactions 

in EAs also replicated in non-EAs (Pmeta = 0.013 OR 2.01, Table S11). Of the 82 SNPs 

in the HLA loci associated with pegaspargase hypersensitivity in EAs with meta-analysis P 

values ≤ 10−6, 27 were nominally significant (Pmeta < 0.05) in non-EAs. Of the 8 SNPs in 

the HLA loci associated with pegaspargase hypersensitivity in non-EAs with meta-analysis 

P values ≤ 10−6, 3 were nominally significant (Pmeta < 0.05) in EAs (Table S12). Studies 

on the role of HLA alleles in other diseases, including hematological malignancies and 

infectious diseases, in different ancestries also revealed shared risk variants as well as 

substantial ancestry-specific HLA associations.(25–28) Better understanding of the alleles 

and other genetic variants in the HLA loci in hypersensitivity for pegaspargase and other 

drugs and their difference by ancestry need to be further investigated in additional cohorts 

with HLA typing available across ancestries.
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Different from the study of Kutszegi et al,(5) we found that T-ALL patients had a higher 

frequency of the high risk HLA alleles than B-lineage ALL patients in our cohorts (Figure 

S6). Although we observed fewer reactions among EA patients in the AALL0434 cohort 

(all with T-ALL) than other protocol cohorts (P = 1.1×10−7 vs. AALL0232, P = 9.4×10−6 

vs. TXVI), we cannot conclude that T-ALL patients were at lower or higher risk for this 

toxicity because: 1) treatment among the three cohorts differed, especially in intrathecal 

therapy, radiotherapy, and the use of nelarabine; 2) risk for hypersensitivity did not differ by 

lineage within the TXVI cohort (P = 0.99 adjusting for intrathecal therapy); 3) adverse event 

reporting practice may have differed among protocols. The same group also identified the 

combination of rs28383172 and rs7775228 as a tag for the risk HLA haplotype.(29) This is 

also true in EAs in our study: 98.3% (403 out of 410) of the carriers of minor alleles for both 

SNPs harbored the risk HLA haplotype; 99.7% (1753 out of 1758) of the rest were absent 

for the risk haplotype. Both SNPs were associated with reactions in EAs in our study (Pmeta 

= 2.9×10−4 and 3.9×10−5 for rs28383172 and rs7775228, respectively).

Limitations of our study include that the results from the primary cohort were not formally 

replicated in any individual cohort. HLA allele inference in non-EAs is not based on 

strong population data. We acknowledge that some protocol-specific treatments, such as 

glucocorticoid used during remission induction, radiotherapy regimen, and methotrexate 

regimen, were not consistent across the three cohorts and could impact hypersensitivity. 

Information on actual therapy delivered was only available for the TXVI protocol. 

Genotyping methods differed among the three protocols because of the large scale and 

duration of the study, although potential biases were minimized by our meta-analysis 

approach.

In summary, the HLA-DRB1*07:01-DQA1*02:01-DQB1*02:02 haplotype was associated 

with hypersensitivity to pegaspargase. The same haplotype was previously associated with 

reactions to non-PEGylated ASNase.(5, 6) This study demonstrated for the first time the 

association between a non-HLA locus (ARHGAP28) and pegaspargase hypersensitivity 

with genome-wide significance in non-EAs. The role of this locus in immune response 

and how HLA loci contribute to pegaspargase hypersensitivity in non-EAs require further 

investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Study Highlights:

What is the current knowledge on the topic?

HLA haplotype DRB1*07:01-DQA1*02:01-DQB1*02:02 was associated with higher 

risk for asparaginase hypersensitivity reactions in -European-ancestry (EA) dominant 

cohorts treated with native E. coli asparaginase (ASNase) only or both ASNase and 

polyethylene-glycol conjugated asparaginase (pegaspargase).

What question did this study address?

Which HLA alleles and non-HLA genetic variants contribute to hypersensitivity reactions 

exclusively to pegaspargase? In an ancestrally diverse cohort, are there ancestry-related 

differences in these associations?

What this study adds to our knowledge?

The same HLA haplotype harboring the DRB1*07:01, DQA1*02:01, and DQB1*02:02 
alleles also associated with higher risk for hypersensitivity reactions exclusively to 

pegaspargase in EA patients. Non-HLA genetic variants associated with reactions at 

genome-wide significance were found at the ARHGAP28 locus in non-EAs, but not in 

EAs.

How might this change clinical pharmacology or translational science?

In this largest cohort study of ancestrally diverse patients treated with pegaspargase, 

the frontline asparaginase now, we show that ancestry groups differ in their genetic 

predisposition to allergy. By implicating HLA loci as well as ARHGAP28, further studies 

can focus on the mechanisms underlying allergy to pegaspargase and possibly other drugs 

by ancestry.
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Figure 1. 
A) Association between imputed HLA alleles and hypersensitivity reactions to pegaspargase 

in EA patients (n = 2168): meta-analyses from individual analyses on TXVI (adjusting for 

number of intrathecal treatment doses during remission induction), AALL0232 (adjusting 

for sex), and AALL0434. P = 5.2×10−4 was used as HLA allele-wide cut-off for 

statistical significance based on the total number of alleles in meta-analysis result (n = 

97). B) Genome-wide association between SNP genotypes and hypersensitivity reaction 

to pegaspargase in all patients (all ancestries, n = 3897): meta-analysis from individual 

analyses on TXVI (adjusting for number of intrathecal treatment doses during remission 
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induction, and ancestry percentage), AALL0232 (adjusting for sex and ancestry percentage), 

and AALL0434 (adjusting for ancestry percentage). C) Genome-wide association between 

SNP genotypes and hypersensitivity reaction to pegaspargase in EAs (n = 2168): meta-

analysis from individual analyses on TXVI (adjusting for number of intrathecal treatment 

doses during remission induction), AALL0232 (adjusting for sex), and AALL0434. 

D) Genome-wide association between SNP genotypes and hypersensitivity reactions 

to pegaspargase in non-EAs (n = 1607): meta-analysis from individual analyses on 

TXVI (adjusting for number of intrathecal treatment doses during remission induction, 

and ancestry percentage), AALL0232 (adjusting for sex and ancestry percentage), and 

AALL0434 (adjusting for ancestry percentage).
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Figure 2. 
Locus zoom plot showing the SNPs in the major class II HLA genes on chromosome 6. The 

purple diamond indicates the top class II HLA SNP in this region. Other SNPs analyzed in 

this region were colored by linkage disequilibrium (LD) with the top hit. LD was calculated 

based on populations with European ancestry.
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Figure 3. 
Distribution of HLA-DRB1*07:01 and HLA-DRB1*0701-DQB1*02:02 combinations in 

ALL patients in our combined cohort with and without hypersensitivity reactions 

(EA patients only, n = 2167, one patient who was HLA-DRB1*07:01-/DQA1*02:01+/

DQB1*02:02+ was excluded): Patients with the full HLA-DRB1*07:01-DQA1*02:01-
DQB1*02:02 haplotype tended to have higher risk for reactions compared with ones with 

only the partial haplotype HLA-DRB1*07:01-DQA1*02:01 (P = 0.061). P values were 

generated from Chi-square test.
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Table 1.

Number of evaluable patients in different ancestry groups in protocols TXVI (n = 596), AALL0232 (n 

= 2275), and AALL0434 (n = 1026) assigned using iAdmix inferred ancestry percentage. Numbers in 

parentheses represent the percentage of an ancestry group in a cohort.

Cohort EA (%) AA (%) AMR (%) AS (%) Other (%)

TXVI 402 (70.5) 81 (13.6) 63 (10.6) 8 (1.3) 42 (7.0)

AALL0232 1295 (56.9) 115 (5.1) 577 (25.4) 67 (2.9) 221 (9.7)

AALL0434 593 (57.8) 114 (11.1) 158 (15.4) 37 (3.6) 124 (12.1)
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