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ARTICLE

Implementation of NUDT15 Genotyping to
Prevent Azathioprine-Induced Leukopenia
for Patients With Autoimmune Disorders in

Chinese Population
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Azathioprine (AZA) is commonly used for many autoimmune disorders; however, the limitation of its clinical use

is due to potential toxicities, including severe leukopenia. Recent studies have identified genetic NUDT15 variants
strongly associated with AZA-induced leukopenia in Asian patients. This study aimed to investigate the strength of
above genetic association and evaluate the usefulness of prospective screening of the NUDT15 variants to prevent
AZA-induced leukopenia in Chinese patients. AZA-induced leukopenia in patients with autoimmune disorders were

enrolled from multiple medical centers in Taiwan/China between 2012 and 2017 to determine the strength of genetic
association of NUDT15 or TPMT variants by whole exome sequencing (WES). Furthermore, a prospective study was
conducted between 2018 and 2021 to investigate the incidence of AZA-induced leukopenia with and without genetic
screening. The WES result showed the genetic variants of NUDT15 R139C (rs116855232) (P = 3.7 x 10725, odds ratio
(OR) = 21.7, 95% confidence interval (95% Cl) = 12.1-38.8) and NUDT15 rs746071566 (P = 4.2x10°°, OR = 7.1, 95%
Cl = 3.7-13.7), but not TPMT, were associated with AZA-induced leukopenia and NUDT15 R139C variant shows the
highest sensitivity with 92.5%. Furthermore, the targeted screening of 1,013 participants for NUDT15 R139C enabled
those identified as carriers to use alternative immunosuppressants. This strategy resulted in a significant decrease in
the incidence of AZA-induced leukopenia compared with historical incidence (incidence rate = from 7.6% decreased to
0.4%; P =9.3x% 10'20). In conclusion, the NUDT15 R139C variant was strongly associated with AZA-induced leukopenia
in Chinese patients. The genetic screening of NUDT15 R139C followed by use of alternative immunosuppressants in

identified carriers effectively decreased the incidence of AZA leukopenia for patients with autoimmune disorders.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

M Azathioprine (AZA) may cause leukopenia, which hin-
ders its clinical use. Genetic TPMT variants (e.g., TPMT*2,
*34, and *3C) are associated with AZA-induced leukopenia in
Western populations. However, the prevalence of these variants
is exceptionally low (< 1%) in Asian populations. A strong as-
sociation between NUDT 1S variants and AZA-induced leuko-
penia has been reported in Asian patients.

WHAT Q[JESTION DID THIS STUDY ADDRESS?

M Still, the strength of genetic NUDT1S and TPMT asso-
ciations and which genetic variant would be appropriate for
prospective screening before AZA treatment in the Chinese
population remains unclear.

Received April 29, 2022; accepted July 13, 2022. doi:10.1002/cpt.2716

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M The genetic NUDT15 R139C variant showed the strongest as-
sociation and highest sensitivity for patients with AZA-induced
leukopenia in the Chinese population. Prospective genetic test-
ing of single NUDT1S5 R139C variant before AZA use can sig-
nificantly decrease the incidence of AZA-induced leukopenia.
HOW MIGHT THIS CHANGE CLINICAL
PHARMACOLOGY ORTRANSLATIONAL SCIENCE?
M The pre-emptive pharmacogenomic NUDTIS RI139C
screening prior to prescribing AZA for patients with autoim-
mune disorders effectively decreases the incidence of AZA
leukopenia and provides evidence for the implementation of
personalized medicine.
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Azathioprine (AZA) is frequently used as an immunosuppressive
agent in organ transplantation and autoimmune disorders, like
rheumatoid arthritis and atopic dermatitis (AD). However, its use
has been limited due to widely reported adverse effects, including
severe leukopenia and liver injury."* Leukopenia during AZA ther-
apy may be a sign of dose response.” Recent evidence in different
populations showed that AZA toxicity was strongly associated
with genetic polymorphisms in AZA metabolizing enzymes and
drug transporters.”* Nudix Hydrolase 15 (NUDT15) and thio-
purine methyltransferase (TPMT), which are involved in purine
metabolism, have been put in the spotlight because genetic vari-
ants in these two proteins may be involved in AZA toxicity.” ™'
In European descendants, 7PMT gene variants (namely, 7PM T2,
*34, and *3C) are associated with AZA-induced leukopenia.” ™
However, in Asian populations, the prevalence of these variants is
exceptionally low (< 1%). Conversely, NUDT 15 has several known
polymorphisms, and the missense variant 75116855232 (R139C),
which is at higher prevalence in Asians but lower in European and
African descendants, has shown to be strongly associated with
thiopurine-related myelosuppression and leukopenia in Asian
populations.*'*377 In light of these findings, individuals with
cither TPMT or NUDT1S5 polymorphisms are reported to have a
higher risk of developing AZA toxicity.'®* The R139C variant of
NUDT 15 has been shown to impair the stability of the NUDT15
protein, increasing the incorporation of 6-TGTP and 6-TdGTP
into RNA and DNA, respectively, and resulting in myelosuppres-
sion and leukopenia.'®

To date, it has been reported that the genetic factors (such as
the above-mentioned NUDT1S and TPMT polymorphisms) are
associated with the predisposition to AZA leukopenia, but it re-
mains unclear which genetic variant of NUDT'IS plays a crucial
role in this process or if genetic screening would help reduce the
occurrence of AZA leukopenia in Chinese patients. Therefore,
the first aim of this study was to determine the strength of the
genetic association of NUDT1S and TPMT variants for AZA-
induced leukopenia in Chinese patients. Furthermore, we sought
to evaluate whether prospective genetic screening before AZA
treatment could reduce the incidence of drug-induced adverse
effects.

1080

METHODS
Study design

To determine the strength of genetic association for AZA-induced leu-
kopenia, we enrolled 40 patients with AZA-induced leukopenia with
autoimmune disorders during 2012 to 2017 from the multiple medical
centers in Taiwan and China, including Chang Gung Memorial Hospital
(CGMH) Health System (Linkou, Taipei, and Keelung), National
Taiwan University Hospital, Taichung Veterans General Hospital, and
Taipei Veterans General Hospital; and CGMH Health, Xiamen, in
China. Each case was evaluated by a least two physicians. For the gen-
eral population control group, we collected the DNA samples from 507
individuals with no history of AZA treatment, adverse drug reactions, or
liver-related disorders, as described prcviously.18 We further enrolled 86
AZA-tolerant patients who had received AZA for over 6 months without
evidence of adverse effects, including skin rash, hair loss, or abnormal
biochemical/blood parameters.

To evaluate the effectiveness of NUDT15 R139C genetic testing, we
conducted a prospective study to enroll 1,056 patients with an indication
for AZA treatment between 2018 and 2021. Participants of the prospec-
tive study were also recruited from multiple medical centers in Taiwan and
China.

All patients gave written informed consent to participate in the study.
The study was conducted according to good clinical practice guidelines
and the Declaration of Helsinki and was approved by the ethics commit-
tee of the CGMH health system and other different multiple medical
centers in Taiwan and China (IRB No.104-0291B, 201701824A3C501,
201801423B0, 202001515B0, and 202000852B0).

DNA libraries quantification and whole-exome sequencing
Genomic DNA was extracted from patients’ peripheral blood mononu-
clear cells by using the DNeasy Blood & Tissue Kit (QTAGEN, Hilden,
Germany) and loaded on a 1% agarose gel for quality control. The cap-
ture exonic regions protocol is based on the Agilent V6 SureSelect Human
All Exon platform, which targets ~50Mb of the human exonic regions.
Paired-end 150 bp whole-exome sequencing (WES) with an insert size of
500-600bp was performed on the Illumina NovaSeq 6000 platform with
NovaSeq 6000 S4 Reagent Kit (300cycles). DNA libraries were quanti-
fied by a Bioanalyzer. The average depth was at least > 60 for all samples.

Identification of genetic NUDT15 association with AZA-

induced leukopenia in the Chinese population

Enrolled patients with AZA-induced leukopenia (>grade 2) were
screened by WES, and the 507 general population controls were screened
using whole genome sequencing (WGS) as established previously.'
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After performing variant calling, variants removement with a P value of
Hardy-Weinberg Equilibrium < 10 and combination of these WES/
WGS datasets, we identified a total of 1,745,379 variants (including sin-
gle nucleotide variants and insertion/deletion variants) for WES data of
patients with AZA-induced leukopenia.

In this study, we performed a knowledge-based analysis for genetic asso-
ciation. We mainly focused on the exonic NUDT1S and TPMT variants,
which have been reported to be associated with AZA-induced leukope-
nia.”™"? The statistical threshold of genetic association in this study was
performed by Bonferroni correction, in which significant P values were
less than 2.86 x 1078 (0.05/1,745,379). In addition, the sex and age adjust-
ments were also performed during analysis.

Furthermore, we used the KING-robust kinship estimator'™*® on
PLINK 2.0 software to evaluate relatedness in 40 patients with AZA-
induced leukopenia and 507 general population controls. A kinship value
of >0.177 indicates first-degree relationships between the two samples.
No relatedness was identified in our enrolled case and control groups.

We also compared the allelic and genotypic frequencies of 40 AZA-
induced toxicity with 86 AZA-tolerant patients. The genotype results of
NUDTIS R139C for these AZA-tolerant patients were determined by
quantitative polymerase chain reaction.

Data source and incidence analysis of AZA leukopenia in

the retrospective cohort study

To assess the historical incidence rate of AZA-related leukopenia, we
gathered data between 2012 and 2017 from the multiple medical cen-
ters in Taiwan, which included 6,364 patients who have taken AZA,
with or without AZA-related leukopenia. The detailed design is shown
in Figure S1. The exclusion criteria included (1) patients with hemato-
logical malignancies (e.g., leukemia), (2) patients treated with chemo-
therapy and G-CSF before taking AZA, (3) patients who were treated
with cyclosporine (CsA), methotrexate (MTX), or mycophenolate
mofetil (MMF) concomitantly with AZA treatment, (4) patients with
sepsis or systemic lupus erythematosus (SLE) prior to AZA treatment,
and (5) patients receiving AZA treatment for < 2 weeks. The diagnosis
codes for the above diseases are from the International Classification
of Diseases, Ninth and Tenth Revision, Clinical Modification (ICD-
9-CM and ICD-10-CM; Figure S1), which were collected using the
Anatomical Therapeutic Chemical classification system codes of the
World Health Organization.

Because there is no ICD-9-CM and ICD-10-CM code for the defini-
tion of AZA-related leukopenia, we further analyzed laboratory data to
identify leukopenia, which was considered AZA-induced if it occurred
within 6 months of starting treatment. Leukopenia was graded according to
white blood cell (WBC) counts as follows: grade 1, 3,000-4,000 cells/pL;
grade 2,2,000-3,000 cells/pL; grade 3, 1,000-2,000 cells/pL; and grade 4,
< 1,000 cells/pL. We estimated the annual incidence of AZA-related leuko-
penia in multiple medical centers in Taiwan as the annual number of toxic-
ity cases caused by AZA divided by the annual number of new AZA users,
defined as individuals who had not received the drug in the past 3years
according to the database.

The genetic screening prior AZA use in the prospective
cohort study
To evaluate the effectiveness of genetic testing, between 2018 and 2021,
we prospectively enrolled 1,056 patients with an indication for AZA
treatment for autoimmune disorders who had not taken AZA previously.
The exclusion criteria of the prospective cohort study included (1) prior
treatment with AZA; (2) treatment with chemotherapy and G-CSF
prior to AZA treatment; and (3) concomitant treatment with AZA and
CsA, MTX or MMF.

Before initiating AZA therapy, all enrolled participants were
screened for the NUDT15 R139C genotype. We reported the genotyp-
ing results to the participating physicians within 1-7 days. Participants
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with the positive NUDT1S R139C result were recommended to take
alternative medicine. Those with the negative result (and who also were
counseled about the risk of AZA-induced toxicity) were started on
AZA treatment. If carly symptoms of AZA-related toxicity developed,
a participant was asked to return to the clinic for a hematological or
biochemical test. Participants were followed up for at least 6 months to
monitor the symptoms of early leukopenia or liver injury throughout
the study’s duration.

Additional information regarding methods used for WES variant
calling/functional annotation, genetic NUDT15 R139C, and TPMT
testing are provided in the Methods section in the Supplementary
Information.

Statistical analysis

SPSS was used for statistical analysis (version 20; SPSS and SAS, version
9.2; SAS Institute, IBM Corp., Armonk, NY). Descriptive statistics in-
cluded the incidence analysis and basic characteristics of participants.
The P values were calculated with the use of the logistic-regression
model. For the genetic association study, we conducted the statistical
analysis for association by comparing the allele frequencies between cases
and controls in the additive model of inheritance. A sex/age adjustment
was also performed. Pc values were calculated by Bonferroni correction
for the multiple comparisons (0.05/1,745,379). P <0.05 was considered
statistically significant.

RESULTS

Genetic variant NUDT15 R139C shows the strongest
association with AZA-induced leukopenia and has a high
frequency in Asian patients

Forty patients with AZA-induced leukopenia (= grade 2; WBC
<3,000cells/pL) were first enrolled to identify, through WES,
which genetic variants of NUDTIS or TPMT were strongly as-
sociated with AZA-induced leukopenia in the Chinese popu-
lation. We also enrolled the 507 individuals with no history of
adverse drug reactions as the general population control group,
and 86 AZA-tolerant controls who received AZA for more than
6 months without adverse effects, to perform case—control associ-
ation analysis. Clinical characteristics of the enrolled patient and
control groups are shown in Table 1. The age, gender, percentage
of AZA dose >50mg/day, indications, and underlying diseases
of the enrolled patients with AZA-induced leukopenia compared
with AZA tolerant controls showed no statistical difference
(Table 1). The periods of AZA therapy were 68.2 * 55.2 days and
314.9 +239.7 days for the enrolled patients and tolerant controls,
respectively (Table 1). To evaluate the carly symptoms of these
patients with AZA-induced leukopenia, we found that fever, gas-
trointestinal side effects, malaise, weakness, nausea, and chills,
among others, were observed and listed in Table S1.

The result of the WES study showed three variants in
NUDTIS and one in TPMT were found in the patient and
control groups. After sex and age adjustment, we identified the
single-nucleotide polymorphism (SNP) of NUDTIS RI139C
(rs116855232; P = 3.7 x 1005, Pr = 6.5%x 107", odds ratio
(OR) = 21.7, 95% confidence interval (CI) = 12.1-38.8) and
rs746071566 (P = 4.2 % 10~%, Pc = 0.007; OR = 7.1, 95%
CI = 3.7-13.7) as being associated with AZA-induced leuko-
penia (Table 2). Furthermore, the polymorphisms 75186364861
in NUDTIS and rs114234S in TPMT, were absent in our
patients with AZA-induced leukopenia (Table 2). Based on
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Table 1 Clinical characteristics of azathioprine-induced leukopenia (>grade 2; WBC < 3,000 cells/|L) patients, general

population, and azathioprine tolerant control during 2012-2017

AZA-induced leukopenia

AZA tolerant control

General population controls

(n = 40) (n = 86) (n =507)
N (%) N (%) N (%) P value

Age, years, mean+SD 47.4+18.0 41.2+19.2 56.0+19.2 0.113%
Male, n (%) 17 (42.5) 41 (47.7) 253 (49.9) 0.530°
Initial AZA dose>2mg/kg/ 11 (27.5) 21 (24.4) - 0.712°
day, n (%)
Periods, day 68.2+55.2 314.9+239.7 - <0.001°
Indication, n (%)

Eczema/AD 33 (82.5) 73 (84.9) - 0.993°

Urticaria 3(7.5) 9 (10.5) - 0.993°

Bullous pemphigoid 3(7.5) 2 (5.0) - 0.993°¢

Others 1(2.5) 2 (5.0) - 0.993°
Comorbidity, n (%)

CKD 7 (17.5) 8(9.3) - 0.310°

CVD 11 (27.5) 18 (20.9) - 0.648°

DM 4 (10.0) 7(8.1) - 0.810°

Liver disorder” 6 (15.0) 9 (10.4) - 0.876°

We excluded AZA users of SLE, sepsis, and patients with leukemia to avoid confounding factors of leukopenia.
AD, atopic dermatitis; AZA, azathioprine; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; SLE, systemic lupus erythematosus;

WBC, white blood cell.

®This P value was calculated by using two-tailed Student’s t tests. PLiver disorders include all kinds of hepatitis, necrosis of liver, hepatic failure, liver replaced
by transplant (see Methods section), or patient’s GPT/GOT value was twofold higher than the normal value range (36 U/L) before AZA intake. °P values were
calculated with AZA-induced leukopenia comparing to AZA tolerant control by using logistic regression model.

GnomAD and 1000Genomes database, the NUDTIS RI139C
(rs116855232) polymorphism was at higher minor allele fre-
quencies (~0.101-0.111) in the general population of Asians,
but lower in European and African descendants (~0.001-
0.036), whereas the TPMT polymorphism was much less prev-
alent among Asians overall, and in the studied population in
particular (Table S2).

Considering the association between AZA-induced leukopenia
and both SNPs, NUDT1S rs116855232 and rs746071566 were
statistically significant, we next evaluated the linkage disequilib-
rium (LD) for these two NUDT15 SNPs in patients with AZA-
induced leukopenia and a general population control group. Our
results showed no strong LD between NUDT1S 5116855232
and NUDTS5 rs746071566 (* = 0.102 and > = 0.302 for AZA-
induced leukopenia cases and general population controls, respec-
tively; Table S3). Therefore, in AZA-induced leukopenia cases,
NUDTIS rs116855232 does not form an extended haplotype
with NUDT15 rs746071566 (r* = 0.102).

We further compared genotypic frequencies of NUDTIS
R139C from patients with AZA-induced leukopenia and AZA-
tolerant controls. Allelic frequency of NUDTIS R139C was
both significantly higher in those patients who exhibited toxicity
than in general population controls and AZA-tolerant controls
(P=32x10""% OR = 25.8,95% CI = 10.4-64.5; Table 3).

The highest sensitivity of NUDT1S5 variants for patients with
AZA-induced leukopenia was R139C (rs116855232) with 92.5%
(Table 2). We further found that patients with AZA-induced leu-
kopenia with NUDT1S RI139C (rs116855232) positive were all
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co-carried NUDTIS (rs746071566; Table S3), and a combina-
tion of another NUDT'15 and TPMT variants could not improve
the genetic sensitivity for AZA-induced leukopenia. Therefore, we
only chose the polymorphism of NUDT'15 R139C (rs116855232)
for the pre-emptive genetic testing study.

Prospective NUDT15 R139C screening

We prospectively enrolled 1,056 patients with an indication
for AZA treatment of autoimmune disorders from 2018 to
2021, but without previous exposure to AZA or genetic testing,
The detailed exclusion criteria of the prospective cohort study
were described in the Methods. Because 43 participants were
excluded due to loss of follow-up or withdrawal by subject, a
total of 1,013 participants completed the study (Figure 1). Two
hundred forty-eight patients (24.5%) who tested positive for
NUDTIS R139C were advised against this drug and referred
for an alternative immunosuppressant. Seven hundred sixty-
five patients (75.5%) who tested negative were given AZA and
interviewed for 6 months to monitor symptoms throughout the
study. We then analyzed the demographics (age and gender) and
comorbidities for these two groups and found no significant
differences between participants who tested positive or negative

for NUDT15 R139C (Table S4).

Evaluation of the historical incidence of AZA-related
leukopenia

To analyze the historical incidence of AZ A-related leukopenia, we
retrospectively included a total of 6,364 patients receiving AZA

VOLUME 112 NUMBER 5 | November 2022 | www.cpt-journal.com
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HWE
0.303
0.311
0.020
0.965

Pc value
6.5x107%°
0.007

P value
3.7x10725
0.998
4.2%107°
0.999

OR (95% ClI)
21.7
(12.1-38.8)
0.0 (0.0-2.4)

(3.7-13.7)
0.40 (0.0-6.8)

71

507

WES/WGS in Chinese population

0.111
0.022
0.069
0.015

Ctrls, N

MAF
40

0.714
0.288

Cases, N

Minor allele

GGAGTCGGAGTCG

NSV
NSV
Indel
NSV

Fun.
true). The rs746071566 belongs to inframe deletion variant.

Chr. (location)
13 (48045719)
13 (48037798)
13 (48037783

48037801)

6 (18130687)

general population of Taiwan; Indel, insertion and deletion; MAF, minor allele frequency; NUDT15, nudix hydrolase 15; NSV, nonsynonymous; OR, odds ratio; SNP, single-nucleotide polymorphism; TPMT, Thiopurine

95% Cl, 95% confidence interval; AZA, azathioprine; Chr., chromosome; Ctrls, population controls; Fun., functional variant type; HWE, Hardy—Weinberg equilibrium P values for 507 controls from the Chinese
methyltransferase or thiopurine S-methyltransferase; WES, whole exome sequencing; WGS, whole genome sequencing.

®The rs554405994 was merged into rs869320766 which was further merged into rs746071566 on October 12, 2018 (based on the build 155 of NCBI doSNP website; https://www.ncbi.nlm.nih.gov/snp/rs746

Table 2 Genotype frequencies of NUDT15 and TPMT variants in available patients with AZA-induced leukopenia and general population controls in retrospective
0715667?horizontal_tab

cohort study
P values were calculated with the use of logistic-regression model adjusted by sex and age. Pc values were calculated by Bonferroni correction for the multiple comparisons (0.05/1,745,379).

Bold values represent the significant P values for comprasion.

Gene

SNP

NUDT15
rs116855232
rs186364861
rs746071566°
TPMT
rs1142345

prescriptions in the multiple medical centers in Taiwan between
2012 and 2017. The exclusion criteria of the retrospective cohort
are listed in Figure S1. We found that the main autoimmune
disorders associated with AZA treatment included eczema/AD,
SLE/lupus, and urticaria, among others, as depicted in Figure S2.
After meeting the exclusion criteria to avoid confounding factors,
3,244 patients were assessed for the historical incidence of AZA-
induced leukopenia, and a total of 344 patients were identified
as having AZA-related leukopenia. The historical incidence of
>grade 2 and >grade 4 AZA-related leukopenia were 7.6% and
4.4%, respectively (Table 4).

NUDT15 R139C genetic screening significantly decreased
the incidence of AZA-induced leukopenia

After performing genetic screening for NUDT15 R139C, the ac-
tual incidence of AZA-induced leukopenia could be decreased sig-
nificantly through the use of alternative immunosuppressants in
carriers of the NUDT1S R139C variant. The actual incidence of
> grade 2 AZA leukopenia showed the most significant decrease,
from 7.6% t0 0.4% (P = 9.3 x 107*). Importantly, > 4 grade AZA-
induced leukopenia, the most life-threatening condition, was
undetectable after genetic screening (in contrast with 4.4% of his-
torical incidence; P = S.1 x 10_14; Table 4).

Among the 765 patients who tested negative for NUDT15
R139C, three developed leukopenia after taking AZA (Figure 1).
We analyzed the demographics, comorbidities, and 7PMT poly-
morphisms in these three patients. Among these patients, two had
underlying liver disorders (high GOP/GPT values), and one had
cardiovascular discase, whereas none tested positive for the TPMT
polymorphisms (Table S5). Because none of these patients carried
a TPMT polymorphism, testing only NUDT15 R139C would be

more relevant and cost-effective in our population.

The high positive and negative predictive values of genetic
NUDT15 R139C screening

We further analyzed the positive predictive value (PPV) and
negative predictive value (NPV) of NUDT15 R139C to prevent
AZA leukopenia, and found the PPV and NPV were 26.14% (95%
CI = 25.61-26.67%) and 99.22% (95% CI = 99.15-99.28%), re-
spectively (Table 5). Theoretically, one patient could be prevented
from experiencing AZA leukopenia for at least 15 (95% CI = 13-
17) individuals screened (Table 5).

DISCUSSION
The genes, TPMT and NUDT1S5, are known to be involved in
the metabolism of thiopurines.21 Variants within these genes are
associated with the functional impairment of AZA metabolizing
enzymes or drug transporters, leading to AZA-indued hepatotox-
icity and leukopenia.4’11‘13’22’23 AZA may also induce acute pan-
creatitis in patients with inflammatory bowel diseases“; however,
we did not find any of our enrolled patients who developed pan-
creatitis during AZA therapy. This may be explained by mainly
enrolling patients with autoimmune diseases in our study.
Although the association between 7PMT polymorphisms and
AZA-induced leukopenia is well-established, these variants are less
common among Asian patients than among White patir:nts,zs’26 and
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Table 3 Genotype frequencies of NUDT15 rs116855232 and P values in AZA-induced leukopenia cases, population, and

tolerant controls in Chinese population

Genotype frequency

Allele
N/total N (%) frequency
Group Homozygous (T/T) Heterozygous (T/C) Noncarrier (C/C) (M) OR (95% CI) P value
AZA-induced 20/40 (50.0%) 17/40 (42.5%) 3/40 (7.5%) 0.714
leukopenia®
Population 4/507 (0.7%) 105/507 (20.7%) 398/507 (78.5%) 0.111 21.7 (12.1-38.8) 3.7 x107%°
controls
Tolerant 0/86 (0%) 21/86 (24.4%) 65/86 (75.6%) 0.122 25.8 (10.4-64.5) 3.2 x10712
controls

Tolerant control patients who had received AZA for several times and the cumulative duration was for more than 6 months without evidence of adverse reactions.
We conducted the statistical analysis for the association by comparing the allele frequencies between cases and controls in the additive model of inheritance,

and P values were calculated by a logistic regression model adjusted for sex and age.

Bold values represent the significant P values for comprasion.

95% Cl, 95% confidence interval; AZA, azathioprine; NUDT15, Nudix Hydrolase 15; OR, odds ratio.

#AZA-induced leukopenia indicates that >grade 2 leukopenia (white blood cell (WBC) <3,000cells/uL) was occurred after AZA intake.

1056 enrolled patients
have been going to take AZA

43 loss of follow up or
withdrawal by subject

1013 includiad in study

(

765 (75.5%) patients
not carried NUDT15
Negative participants

765 patients received AZA

3 patients occurred
leukopenia after taking AZA

248 (24.5%) patients
carried NUDT15
Positive participants

248 patients took an alternative
immunosuppressant

0 patient occurred leukopenia

Figure 1 The enrollment and outcomes of prospectively genetic NUDT15 R139C testing. Azathioprine (AZA) was prescribed and provided for
all participants at the time of the screening visit, but they were asked to defer taking AZA until the genetic results were available. Participants
were monitored symptoms and followed for at least 6 months, with weekly or every 2-week interviews.

recent studies showed that NUDTS polymorphisms were associ-
ated with thiopurine-induced toxicity in Asians, including Chinese,
Japanese Korean, and Indian populations.s’15’16’27_30 Preventative
screening approaches can be very effective in preventing treatment
failure and adverse reactions with severe complications.31‘32 Our
previous studies have shown important clinical implementations
of pharmacogenomic testing to prevent severe adverse drug reac-
tions.”>*>™¥ Therefore, this study aimed to investigate the strength
of genetic NUDT1S and TPMT associations with AZA-induced
leukopenia in Chinese patients and which genetic variant would be
appropriate for prospective screening before AZA treatment.
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A high incidence of AZA-induced leukopenia among NUDT15
RI39C carriers was observed in our Chinese population (the
carrier prevalence of NUDTI1S R139C is 24.4%). However, real-
world and large-scale studies of genetic NUDT1S R139C screen-
ing prior to AZA therapy in Asian patients with autoimmune
disorders are still lacking. In this study, we conducted a prospective
screening of NUDT15 R139C for 1,013 participants with autoim-
mune disorders before initiating AZA therapy. Prospective genetic
screening and subsequent treatment adjustment for NUDTIS
R139C carriers resulted in a significant and substantial decrease
in the incidence of AZA-induced leukopenia; therefore, targeted
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Table 4 Historical incidence of AZA-induced leukopenia, compared with incidence among prospective genetic screening
study participants

Year
2012 2013 2014 2015 2016 2017 Total 2018-2021
Retrospective cohort Prospective cohort
(Historical incidence, %) (Actual incidence, %)

Variants (95% ClI) (95% Cl) P value
AZA-related leukopenia

>Grade 4 44%  43% 26% 50%  57% 4.6% 4.4% (3.7-5.7) 0% (0-0.5) 5.1 x10714°

>Grade 3 5.0% 6.6% 3.0% 5.0% 5.9% 6.0% 5.2% (4.4-6.0) 0.3% (0-0.6) 1.7 x10713a

>Grade 2 5.7% 8.8% 6.3% 8.4% 7.8% 10.5% 7.6% (6.7-8.6) 0.4% (0-0.8) 9.3 x107202

Bold values represent the significant P values for comprasion.

>Grade 2 leukopenia indicates WBC <3,000cells/pL after AZA intake.
>Grade 3 leukopenia indicates WBC <2,000cells/pL after AZA intake.
>Grade 4 leukopenia indicates WBC <1,000cells/pL after AZA intake.
AZA, azathioprine; Cl, confidence interval; WBC, white blood cell.

P values were calculated by comparing the historical incidence and actual incidence among study participants.

Table 5 Calculations used for number needed to screen to prevent one case of AZA-induced leukopenia and the positive/
negative predictive values with polymorphism of NUDT15 R139C (rs116855232)

NUDT15 R139C Positive Negative Total Notes
AZA-induced 7,030 570 7,600 Incidence = 7.60%
leukopenia Sensitivity = 92.5%
Control 19,866 72,534 92,400 Specificity = 78.5%
Total 26,896 73,104 100,000

PPV = 26.14%
(25.61-26.67%)

NPV = 99.22%
(99.15-99.28%)

NNS to prevent one case = 15
(13-17)

A theoretical population of 100,000 has been assumed, and the number of individuals with the ADR calculated based on previous reported prevalence, and the
number of population controls calculated by subtracting this figure from 100,000. The sensitivity and specificity of the genetic NUDT15 R139C (rs116855232)
test for the ¢ AZA-induced leukopenia have been taken from Table 3 and the numbers in each of the four cells (a, b, ¢, and d) calculated. The PPV, NPV, and NNS

were then calculated from the numbers in each cell (a, b, ¢, and d).

ADR, adverse drug reactions; AZA, azathioprine; NNS, number needed to screen; NPV, negative predictive value; PPV, positive predictive value.

genetic screening of NUDT'1S R139C can be a valuable strategy
to avoid AZA-induced leukopenia in the Chinese population.
A strong association between NUDT15 R139C and thiopurine-
induced leukopenia has also been observed in other Asian popu-
lations, suggesting that NUDT1S R139C screening may benefit
other Asian populations, including Japanese, Korean, and Indian
populations by identifying carriers of the NUDTS5 variant who
then can receive alternative immunosuppressants. However, a small
number of patients who screened negative for NUDT1S R139C
still had leukopenia induced by AZA, suggesting that additional
variables could contribute to between-patient variability in AZA
toxicity. Our results showed that the few patients who screened
negative for NUDT'15 R139C, but nonetheless experienced AZA
leukopenia, did not carry TPMT variants, suggesting that genetic
testing for TMPT polymorphisms is not needed for Chinese pa-
tients. Moreover, in this study, patients who tested positive for
NUDTIS5 R139C were advised against AZA and referred for an
alternative immunosuppressant. We did not reduce the AZA dose
for NUDT15 R139C carriers. Future research is therefore neces-
sary to determine with certainty the exact point at which a reduced
AZA dose in decreasing the incidence of AZA-induced leukopenia
for patients who carried NUDT15 R139C.
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We evaluated the historical incidence of AZA-related leukope-
nia based on the hospital database from multiple medical centers
in Taiwan. However, there are still several limitations, including (1)
all results relied exclusively on electronic medical records and lab-
oratory data, and misclassification of diseases were defined based
on registry-based data set; and (2) we could not ascertain whether
the patients had continued exposure to AZA beyond the index pre-
scription or in another hospital.

Potential strategies to reduce the incidence of AZA-induced
leukopenia may include: (1) NUDT15 R139C genetic screening
before prescribing AZA to individuals among populations with
a high prevalence of the risk allele; and (2) the use of alternative
drug(s) for NUDT1S R139C-positive patients. Additional re-
search would be necessary to calculate the cost-effectiveness of
genetic screening for NUDT15 R139C. Furthermore, in coun-
tries where the allele frequency is low (about 1%) of NUDT15,
restricting the screening of this allele, or including additional
polymorphisms, such as TPMT, in higher-risk patients could
also be a strategy to prevent or reduce the occurrence of AZA
toxicity. Further studies to estimate the prevalence are suggested.

In conclusion, this study revealed that the genetic variant
NUDTI5 RI139C (rs116855232) had the strongest association

1085



ARTICLE

with AZA-induced leukopenia in the Chinese population and
a high incidence of AZA leukopenia is observed in Taiwan.
Prospective screening of the NUDT1S R139C variant, coupled
with alternative drug treatment for carriers, is highly effective and
can significantly decrease AZA leukopenia incidence in Chinese
patients. One case of AZA induced-leukopenia can be prevented
for every 15 patients screened, highlighting the potential benefits
of personalized medicine and genetic testing in preventing adverse
drug reactions in the clinical setting. Therefore, physicians are
recommended to perform genetic screening for NUDT1S R139C
before prescribing AZA therapy for Chinese patients to prevent
AZA-induced leukopenia.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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