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Abstract

BACKGROUND

Thiopurine-induced leukopenia (TIL) is a life-threatening toxicity and occurs
with a high frequency in the Asian population. Although nucleoside
diphosphate-linked moiety X-type motif 15 (NUDT15) variants significantly
improve the predictive sensitivity of TIL, more than 50% of cases of this toxicity
cannot be predicted by this mutation. The potential use of the 6-thioguanine
nucleotide (6TGN) level to predict TIL has been explored, but no decisive
conclusion has been reached. Can we increase the predictive sensitivity based on
6TGN by subgrouping patients according to their NUDT15 R139C genotypes?

AIM
To determine the 6TGN cut-off levels after dividing patients into subgroups
according to their NUDT15 R139C genotypes.

METHODS
Patients’ clinical and epidemiological characteristics were collected from medical
records from July 2014 to February 2017. NUDT15 R139C, thiopurine S-
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methyltransferase, and 6TGN concentrations were measured.

RESULTS

A total of 411 Crohn’s disease patients were included. TIL was observed in 72
individuals with a median 6TGN level of 323.4 pmol/8 x 10° red blood cells
(RBC), which was not different from that of patients without TIL (P = 0.071).
Then, we compared the 6TGN levels based on NUDT15 R139C. For CC (n = 342)
and CT (n = 65) genotypes, the median 6TGN level in patients with TIL was
significantly higher than that in patients without (474.8 vs 306.0 pmol/8 x 10°
RBC, P =9.4 x 10% 291.7 vs 217.6 pmol/8 x 10° RBC, P = 0.039, respectively). The
four TT carriers developed TIL, with a median 6TGN concentration of 135.8
pmol/8 x 10° RBC. The 6TGN cut-off levels were 411.5 and 319.2 pmol/8 x 10°
RBC for the CC and CT groups, respectively.

CONCLUSION

The predictive sensitivity of TIL based on 6TGN is dramatically increased after
subgrouping according to NUDT15 R139C genotypes. Applying 6TGN cut-off
levels to adjust thiopurine therapies based on NUDT15 is strongly recommended.

Key words: Crohn’s disease; Thioguanine nucleotide levels; Nucleoside diphosphate-
linked moiety X-type motif 15; Thiopurine-induced leukopenia

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Thiopurine-induced leukopenia (TIL), a life-threatening toxicity in
inflammatory bowel disease, occurs with a high frequency in Asia. Although nucleoside
diphosphate-linked moiety X-type motif 15 (NUDT15) variants significantly increase the
prediction sensitivity of TIL, more than 50% of cases cannot be predicted by this
mutation. The potential use of steady-state thioguanine nucleotide (6TGN) levels to
predict TIL has been explored for decades, but no decisive conclusion has been reached.
Can we increase the predictive sensitivity based on 6TGN by subgrouping patients
according to their NUDT15 genotypes? Yes! According to our research, applying 6TGN
levels to adjust thiopurine therapies based on NUDT15 is strongly recommended.
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INTRODUCTION

Thiopurines, including mercaptopurine (MP) and azathioprine (AZA), are
immunosuppressive drugs that have been regularly used to maintain remission in
patients with Crohn’s disease (CD)!"*. Although thiopurine therapy is clinically
effective, up to 10%-30% of patients discontinue treatment due to adverse reactions!™*,
among which thiopurine-induced leukopenia (TIL) is the most common and life-
threatening toxicity, especially in Asian populations*..

Neither AZA nor MP has an intrinsic activity. They must undergo extensive
metabolic transformation into the active metabolites 6-thioguanine nucleotides
(6TGN) and 6-methylmercaptopurine ribonucleotides (6MMPR), to exert their
pharmacological effect or cytotoxicity“l. The potential use of a steady-state 6TGN
level above 450 pmol/8 x 10°® red blood cells (RBC) to predict toxicity is still
controversial”!l. Several studies have reported that 6TGN levels are not significantly
correlated with TIL, and no applicable therapeutic range for 6TGN has been
determined!>'l. For example, a prospective study found that only three out of ten
Japanese patients with TIL exhibited high 6TGN levels (> 450 pmol/8 x 10 RBC)!"". In
addition, a few groups have reported that extremely elevated 6MMPR concentrations
are associated with TIL'">'".. Therefore, further investigation of the exact relationship
between the 6TGN and 6MMPR levels and TIL is warranted, especially in the Asian
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population, since Asians are more sensitive than Caucasians to thiopurine
toxicityl>*211,

Nucleoside diphosphate-linked moiety X-type motif 15 (NUDT15) has been
considered as the key gene which can highly predict thiopurine toxicity in Asian that
is comparable to thiopurine S-methyltransferase (ITPMT) in Europel”**l. TPMT
variants with deficient enzyme activity were observed to have a preferential
accumulation of 6TGN in TIL, so the guidelines have suggested adjusting the starting
doses of thiopurine for variants based on the level of 6TGN™1. However, NUDT15
variants have been discovered to develop TIL with normal or even lower 6TGN
levels, suggesting that NUDT15 has an unfavorable effect on thiopurine
metabolism!*2°. NUDT15 is an enzyme responsible for catalyzing deoxy-6-
thioguanine triphosphate (ATGTP) and 6-thioguanine triphosphate (TGTP) into their
inactive monophosphates, preventing TGTP and dTGTP from incorporating into
DNAM. Moriyama et al?**! discovered that NUDT15 R139C variants CT and TT were
associated with a much higher TGTP/TGMP ratio and DNA-incorporated
thioguanine (DNA-TG)/6TGN ratio in children with acute lymphoblastic leukemia
(ALL). According to this mechanism, NUDT15 R139C variants are assumed to cause
cytotoxicity with TGTP and dTGTP accumulation independent of the total 6TGN
levels due to decreases in 6-thioguanine monophosphate (TGMP) and deoxy-6-
thioguanine monophosphate (dTGMP). Thus, the guidelines applied to TPMT
variants would not be suitable for patients with NUDT15 variants. Can we determine
6TGN cut-off levels thereafter dividing patients into subgroups according to NUDT15
R139C genotypes?

In this study, we investigated the relationship between the levels of 6TGN and
6MMPR and thiopurine-induced TIL based on patients” NUDT15 R139C genotypes
and obtained specific 6TGN cut-off levels to guide thiopurine therapy.

MATERIALS AND METHODS

Patient recruitment

Patients diagnosed with CD according to the criteria of Lennard-Jones and prescribed
thiopurines at a steady dose for more than 1 mo were recruited at the Sixth Affiliated
Hospital, Sun Yat-sen University from July 1, 2014 to February 1, 2017. The exclusion
criteria included blood transfusion or administration of cyclosporine or methotrexate;
insufficient function of the heart, liver, or kidney; active infection; and pregnancy.

Weight-based thiopurine dosing was provided in a step-wise approach (the initial
dose of AZA was 1.0 mg/kg daily or 0.5 mg/kg daily for MP and gradually increased
to the target dose of 2.0 mg/kg or 1.0 mg/kg, respectively). If patients developed
adverse effects, such as leukopenia [white blood cell count (WBC) < 3.5 x 10%L],
gastric intolerance, hepatotoxicity, flu-like symptoms, pancreatitis, rash, or others, the
dose was reduced. If the laboratory abnormalities did not subside, the treatment was
discontinued.

A total of 2 mL of venous blood samples (EDTA anticoagulation) were obtained for
determination of the erythrocyte 6TGN/6MMPR concentrations and NUDT15 R139C
and TPMT*3C genotypes at the Institute of Clinical Pharmacology, Sun Yat-sen
Universityt!l.

NUDT15 R139C and TPMT*3C genotyping

We used allele-specific polymerase chain reaction (PCR)-restriction fragment length
polymorphism (RFLP) to test the genotypes of NUDT15 R139C (rs116855232) and
TPMT*3C (rs1142345). The sequences of the primers for NUDT15 R139C are: forward,
5-AGCTTACCCAAATAAACACCCT-3 and reverse, 5-TGGGGGATACAT
TAAGAGACTGC-3, and those for TPMT*3C are: forward, 5-AAGTGTTGGGATTA
CAGGTG-3 and reverse, 5-TCCTCAAAAACATGTCAGTGTG-3. PCR amplification
started at 94 °C for 5 min, and continued with 30 cycles of 94 °C for 60 s, 59 °C for 30 s,
and 72 °C for 30 s. Final extension was performed at 72 °C for 10 min. The PCR
product was digested with restriction enzyme HpyCH4III (New England Biolabs,
Hertfordshire, United Kingdom) for NUDT15 R139C testing and the enzyme Accl
(New England Biolabs, Hertfordshire, United Kingdom) for TPMT*3C testing.

6TGN and 6MMPR determination

6TGN and 6MMPR concentrations in patients’ erythrocyte lysates were determined
using the Dervieux et al’s method"” by high performance liquid chromatography.
First, 6TGN were hydrolyzed (100 °C for 45 min) into their bases (6-thioguanie) and
6MMPR were converted into their derivatives with perchloric acid. Then, they were
separated using a C18 column with the mobile phase consisting of methanol-20
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mmol/L potassium dihydrogenphosphate-triethylamine (pH adjusted to 3.2 using
phosphoric acid) (5:95:0.1) at a flow rate of 1.0 mL/min. Finally, the wavelength for
detection was set at 345 nm for 6TGN and at 303 nm for 6MMPR.

The present study was approved by the Ethics Committee of the Sixth Affiliated
Hospital of the Sun Yat-sen University.

Statistical analysis

Statistical analyses and calculations were performed with SPSS 21.0 (SPSS, Inc.,
Chicago, IL, United States) and Prism 6 (GraphPad Software, La Jolla, CA, United
States). Quantitative variables are expressed as medians and ranges. Categorical
variables are summarized as frequencies. Data such as sex, NUDT15 R139C and
TPMT*3C diplotypes, disease location, and co-medication were compared using the
X2 method or Fisher’s test. Data such as age and thiopurine dose were compared
using the nonparametric Kruskal-Wallis H-test. The nonparametric Kruskal-Wallis H-
test was also used to evaluate the relationship between the 6TGN level and TIL. A
receiver operating characteristic (ROC) curve was obtained to calculate the sensitivity
and specificity of various 6TGN concentrations to predict the development of TIL.
Multivariate logistic regression was used to identify the variables associated with TIL.
P-values less than 0.05 were considered statistically significant.

RESULTS

Clinical characteristics of CD patients

A total of 411 patients with CD were included in this study. Among them, 100 (24.3%)
patients had adverse effects during the AZA maintenance treatment, including TIL (n
=72, 17.5%), gastric intolerance (n = 21, 5.1%), flu-like symptoms (n = 6, 1.5%),
hepatitis (n = 5, 1.2%), pancreatitis (n = 3, 0.7%), rash (n = 2, 0.5%), and others (n = 3,
0.7%). The characteristics of the patients are summarized in Table 1. The TIL rates
were higher in patients carrying the NUDT15 R139C allele T (CT + TT) compared with
those carrying the CC genotype (P = 9.04 x 10, OR = 8.04, 95%Cl: 4.84-13.34). The
median dosage was significantly lower for patients with TIL than for those without
TIL (1.5 mg/kg per day vs 1.7 mg/kg per day, P = 0.03). Overall, there were no
significant differences in gender, age, disease location, or co-medication between
individuals with or without TIL (P > 0.05) (Table 1). No significant association of
TPMT*3C with TIL was observed. Neither NUDT15 R139C nor TPMT*3C had
significant associations with the other adverse effects (P > 0.05).

6TGN and 6MMPR levels and their ratios to the thiopurine dose according to

NUDT15 R139C and TPMT*3C diplotype

For NUDT15 R139C, the median 6TGN was 312.4 pmol/8 x 10°* RBC in the CC group,
240.5 pmol/8 x 10® RBC in the CT group, and 135.8 pmol/8 x 10® RBC in the TT
group. The level of 6TGN was much higher in the NUDT CC group than in the CT
and TT groups (P = 9.0 x 10°) (Figure 1), while the median level of 6MMPR was also
significantly higher in CC patients (P = 0.030). To assess the levels of 6TGN and
6MMPR with equal doses of thiopurine, the ratios of the levels of 6TGN and 6MMPR
to the thiopurine dose were compared across groups. There was no difference in the
ratios between these three groups (P= 0.29, P= 0.58) (Figure 1). For TPMT*3C, the
patients carrying TPMT*3C variants had excessively higher 6TGN (P = 2.0 x 10*) and
lower 6MMPR levels (P = 3.7 x 10*), which could not be offset by the thiopurine dose
(P=4.8x105 P =7.7 x 10°) (Supplemental Figure 1).

Associations between thiopurine metabolite concentrations and TIL based on
NUDT15 R139C genotypes

In this study, neither the concentration of 6TGN nor 6MMPR was significantly
different between patients with or without TIL (P = 0.071, P = 0.95). According to the
NUDT15 R139C genotypes, the samples were divided into three subgroups. In the CC
group (n = 342), the median 6TGN concentration was significantly higher in patients
who developed TIL than in patients who did not [P = 9.4 x 105, 474.8 (174.2-1133.6)
pmol/8 x 10® RBC vs 306.0 (62.2-1823.0) pmol/8 x 10® RBC] (Figure 2). In the CT
genotype (n = 65), the level of 6TGN was significantly higher in patients who
developed TIL [P = 0.039, 291.7 (80.6-701.5) pmol/8 x 10® RBC vs 217.6 (62.9-631.0)
pmol/8 x 10° RBC] (Figure 2). All patients with the TT genotype (n = 4) developed
TIL, with a median 6TGN concentration of 135.8 (90.0-291.3) pmol/8 x 10®* RBC. No
correlations between the 6-MMPR concentrations and TIL were found in the
subgroups of CC (P = 0.55) and CT (P = 0.30), respectively.
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Table 1 Characteristics of the 411 Crohn’s disease patients included in this study

Characteristic All patients With leukopenia Without leukopenia P value
No. of subjects (%) 411 72 (17.5) 339 (82.5) -
Gender

Male, 1 (%) 305 (74.0) 52 (17.0) 253 (83.0) 0.180
Female, 1 (%) 106 (26.0) 20 (18.9) 86 (81.1)

NUDT15 R139C

CC, 1 (%) 342 (80.4) 35 (10.2) 307 (89.8) 240 x 10
CT, n (%) 65 (17.9) 33 (50.2) 32 (49.8)

TT, n (%) 4(1.7) 4 (100) 0

TPMT*3C 0.26
AA, 1 (%) 398 (96.8) 68 (17.1) 330 (82.9)

AG, n (%) 13 (3.2) 4 (30.8) 9(69.2)

Age in years, median (range) 28 (12-70) 26(12-70) 27(12-60) 0.734
Medication

Azathiopurine 337 (82.0) 57 (17.3) 273 (82.7) 0.113
Mercaptopurine 74 (18.0) 14 (18.9) 60 (81.1)

Thiopurines dose, mg/kg per day, median (range) 1.7 (0.2-3.1) 1.5 (0.5-2.6) 1.7 (0.2-3.1) 0.030
CD

Ileal L1 34 6 28 0.495
Colorectal L2 21 6 15

Ileocolonic L3 292 48 244

Upper gastrointestinal L4 61 12 49

Co-medication 211 45 166 0.74
Corticosteroids 79 15 64

Thalidomide 51 13 38

Anti-TNF agent 64 13 51

5-ASA 4 0 4

Allopurinol 13 4 9

Patients carrying the nucleoside diphosphate-linked moiety X-type motif 155 R135C CT and TT genotypes were more likely to develop thiopurine-induced
leukopenia (°P < 0.01). NUDT15: Nucleoside diphosphate-linked moiety X-type motif 15; CD: Crohn’s disease.

6TGN cut-off values to predict TIL

Based on ROC analysis, we defined the cut-off level of 6TGN to be 411.5 pmol/8 x 10°
RBC in the CC group and 319.2 pmol/8 x 10° RBC in CT group. After considering the
level of 6TGN in different subgroups, the area under the curve (AUC) was increased
from 0.57 to 0.65 and 0.70. Moreover, in the CT group, the specificity was as high as
96.9%, with a sensitivity of 42.4%, and in the CC group the specificity was 73.3%, with
a high sensitivity of 60.0%, compared with the values in the total samples (Table 2).

Multivariable prediction model for TIL

After performing the multivariate regression analysis, we found that the NUDT15
R139C genotypes and 6TGN concentration were relevant determinants for the
development of TIL. Table 3 presents the prevalence of TIL and the odds of
developing it for each category compared with the reference group of patients with
the CC genotype and a 6TGN level below 411.5 pmol/8 x 10°® RBC. Patients carrying
the NUDT15 TT allele, irrespective of the 6TGN concentration, were at the highest
risk, as all of them developed TIL in this study (Table 3). Patients with the CT
genotype and a 6TGN concentration above the cut-off value of 319.2 pmol/8 x 10°
RBC were at the second highest risk of developing TIL [OR 225.0 (95%CI: 27.6-
1836.2)], followed by the CT genotype with a 6TGN concentration below 319.2
pmol/8 x 10® RBC [OR 9.9 (95%CI: 4.5-21.6)] and the CC genotype with a 6TGN
concentration above 411.5 pmol/8 x 10® RBC [OR 4.1 (95%CI: 2.0-8.5)] (Table 3). The
area under the ROC curve for the obtained predicted probabilities based on NUDT15
and the 6TGN level was 0.79 (95%CI: 0.76-0.92) (Figure 3).
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Figure 1 6-thioguanine nucleotide level and its ratio to thiopurine dose according to nucleoside diphosphate-linked moiety X-type motif 15 R139C
diplotype. A: The level of 6-thioguanine nucleotide (6TGN) was much higher in the nucleoside diphosphate-linked moiety X-type motif 15 CC group than in the CT
and TT groups [°P < 0.01, 312.4 pmol/8 x 10 red blood cells (RBC) vs 312.4 pmol/8 x 108 RBC vs 135.8 pmol/8 x 108 RBC]. B: There was no difference in the ratio of
the level of 6TGN to the thiopurine dose among these three groups. 6TGN: 6-thioguanine nucleotide; RBC: Red blood cells.

DISCUSSION

In this retrospective study, for the first time, we found that the level of 6TGN level
was significantly associated with thiopurine-induced TIL in different NUDT15 R139C
genotypes. After combing NUDT15 R139C genotypes and different 6TGN cut-off
levels, 80% of TIL cases could be explained by an ROC, . of 0.79.

The incidence of thiopurine-induced TIL is more common in Asians than in
Caucasians, even at the lower standard dosel*”l. The discovery of NUDT15 R139C as a
major genetic determinant predicting TIL in the Asian population was a
milestone™**!, In our study, there was a strong relationship between NUDT15 R139C
genotypes and TIL (P = 9.04 x 10, OR = 8.04, 95%CI: 4.84-13.34) (Table 1). However,
in our study, no significant association of TPMT*3C with TIL was observed (Table 1),
with only four (30.7%, 4/13) variants experiencing TIL, which is similar to our
previous report™.. Thus, in the Asian population, NUDT15 R139C might be a better
biomarker to predict thiopurine toxicity.

NUDTI15 is a gene that encodes the purine-specific Nudix hydrolase, which
dephosphorylates the active metabolites TGTP and dTGTP into their inactive
monophosphates, thus preventing TGTP from binding to Racland dTGTP from
incorporating into DNAP"*I. When the function of NUDT15 is decreased, the
excessive accumulation of TGTP and dTGTP may induce TIL, with decreased levels of
TGMP and dTGMPP. Thus, the total 6TGN remains apparently unchanged. In our
study, there were lower median levels of 6TGN in the CT and TT groups compared
with the CC group (P = 9.0 x 10°) (Figure 1). A study on Korean children with ALL
also found that the level of 6TGN was negatively correlated with thenumber of
NUDT15 risk alleles (P = 5.3 x 10), and theassociation remained significant after
adjusting for the MP dosage(P = 1.7 x 10°)*l. However, in our study, this difference
was counteracted by the thiopurine dosage (P = 0.29) (Figure 1), suggesting lower
6TGN and 6MMPR levels in patients carrying the T allele due to lower thiopurine
administration. Contrary to the function of NUDT15, the patients carrying TPMT
variants had excessively higher 6TGN and lower 6MMP levels, which could not be
offset by the thiopurine dose (Supplemental Figure 1). These data suggested different
mechanisms of TPMT and NUDT15, which made us believe that considering the
6TGN level alone may overlook NUDT15-deficient Asian patients who are prone to
TIL"*1, In our study, we found no difference in the 6TGN concentration between
patients with and without TIL in the total samples (P = 0.071). Thus, we subgrouped
the entire sample based on patients’ NUDT15 R139C genotypes.

Few studies have analyzed the relationship of the level of 6TGN with TIL according
to patients” NUDT15 diplotypes”*l. Based on our previous research, we found that
the concentration of 6TGN was significantly correlated with TIL in patients with the
CC genotype, while no correlation was found in patients with the CT genotype due to
a small sample size (24 patients). However, in this study, which had a larger sample
size (n = 65), the level of 6TGN was significantly associated with TIL in the CC and CT
groups. In the CC group (n = 342), the median 6TGN concentration was significantly
higher in patients who developed TIL than in those who did not [P = 9.4 x 107, 474.8
(174.2-1133.6) pmol/8 x 10° RBC vs 306.0 (62.2-1823.0) pmol/8 x 10® RBC] (Figure 2).
Similarly, in the CT genotype (n = 65), the level of 6TGN was higher in patients who
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Figure 2 Relationship between thiopurine-induced leukopenia and 6-thioguanine nucleotide concentrations
in different nucleoside diphosphate-linked moiety X-type motif 15 R139C genotypes. In the CC group (n = 342),
the median 6-thioguanine nucleotide (6TGN) concentration in patients who developed leukopenia was significantly
higher than that in patients who did not [°P < 0.01, 474.8 (174.2-1133.6) pmol/8 x 10° red blood cells (RBC) vs 306.0
(62.2-1823.0) pmol/8 x 108 RBC]. In the CT group (n = 65), 6TGN level was also significantly higher in patients who
developed leukopenia [*P < 0.05, 291.7 (80.6-701.5) vs 217.6 (62.9-631.0) pmol/8 x 10® RBC]. 6TGN: 6-thioguanine
nucleotide; RBC: Red blood cells.

developed TIL than in patients who did not [P = 0.039, 291.7 (80.6-701.5) pmol/8 x 10°
RBC vs 217.6 (62.9-631.0) pmol/8 x 10° RBC] (Figure 2). According to ROC analysis,
we defined the cut-off level of 6TGN to be 319.2 pmol/8 x 10° RBC in the CT group,
which was significantly lower than that in the CC group (411.5 pmol/8 x 10® RBC).
Moriyama et al***! reported that all patients with deficient NUDT15 diplotypes had a
higher DNA-TG/dosage ratio, even for the lower level of 6TGN. Thus, in our cohort,
CT individuals might have a higher percentage of active dTGTP incorporated into
their DNA (DNA-TG), even with a lower TGN level compared with that of CC
genotype individuals, which needs to be further investigated.

Although NUDT15 genotype screening can inform the initial drug dosage of
thiopurine, therapeutic drug monitoring of its metabolites still serves as a valuable
tool for further fine-tuning of the treatment, especially to reduce the incidence of TIL.
Dubinsky et al”! reported that excessive 6TGN levels (> 450 pmol/8 x 10° RBC) were
associated with a higher risk of TIL in Caucasians. However, in our study, the
sensitivity of 450 pmol/8 x 10® RBC to predict TIL was 34.7% (25/72), as 79% of
patients in the NUDT15 CT group and all patients in the TT group developed TIL
with a 6TGN level far below 450 pmol/8 x 10°* RBC, which indicated that NUDT15
deficient Asian patients were more sensitive to thiopurines. Feng ef al™ reported that
the cut-off level for 6TGN in Chinese IBD was from 180-355 pmol/8 x 10° RBC, but
patients” with NUDT15 genotypes were not incorporated and the sample size of TIL
was small (n = 12), indicating that the result was not conclusive. Based on our study
including 411 patients, the sensitivity of the 6TGN cut-off level to TIL was increased
to 42.4% in the CT group and 60.0% in the CC group compared with the threshold
values in the studies of Dubinsky and Feng. Thus, different 6TGN cut-off levels
should be considered in different NUDT15 genotypes in CD patients.

Finally, multivariable regression analysis showed that both the NUDT15 genotypes
and 6TGN level were associated with TIL. Based on the combinations of these two
parameters, patients can be categorized to assess their degree of risk for the
development of TIL. Patients with the TT genotype, irrespective of the 6TGN level,
developed TIL. Patients with the CT genotype and a 6TGN level above 319.2 pmol/8
x 10° RBC exhibited the highest risk of TIL [OR = 225.0 (95%CI: 27.6-1836.2)], followed
by patients carrying either the CT genotype (< 319.2 pmol/8 x 10® RBC) or the CC
genotype (> 411.5 pmol/8 x 10®* RBC). In a Japanese report, the AUC of the model
based on NUDT15 to predict TIL was 0.71%. Cao et al™ reported a similar AUC value
of 0.69 in a Chinese multicenter study. However, in our study, the AUC of the
combination model to predict TIL was increased to 0.79, and 80% of TIL cases could
be predicted. Based on this model, we can distinguish the thiopurine refractoriness if
the patient has the steady-state 6TGN levels above the cut-off values without efficacy,
which suggests that the thiopurine dose should not be increased and the alternative
therapeutic agent should be chose to avoid the incidence of TIL.

There were some limitations in our research. The concentration of DNA-TG was
not detected in our study. DNA-TG, the final active metabolite of thiopurines, has
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Table 2 Relationship between concentrations of 6-thioguanine nucleotide and thiopurine-induced leukopenia in different nucleoside

diphosphate-linked moiety X-type motif 15 R139C genotype groups among 411 patients according to receiver operating characteristic
curves

NUDT15 genotype (No. of patients)  6TGNs (pmol/8 x 10° RBC) Pvalue AUC 95%CI Sensitivity (%)  Specificity (%)

CT+CC >4747 0.071 057  (049-065) 347 826
CC (342) <4747 9.4 x 10 (0.61-0.79)  60.0 733
>4115 0.70

<4115
CT (65) 23192 0.039 065  (051-079) 424 96.9
<3192

In subgroups, the area under the curve was increased from 0.57 to 0.65 and 0.70. Moreover, in the CT group, the specificity was as high as 96.9%, with a
sensitivity of 42.4%, and in the CC group, the specificity was 73.3%, with a high sensitivity of 60.0%, compared with the values in the total samples. AUC:
Area under the curve; NUDT15: Nucleoside diphosphate-linked moiety X-type motif 15; RBC: Red blood cells.

been reported to be a new biomarker to predict relapse and is correlated with the
concentration of 6TGN in childhood acute lymphoblastic TIL based on a prospective
study!™l. Curffari et al*! also discovered that the levels of DNA-TG metabolites were
correlated with the erythrocyte 6TGN level, but not the total leukocyte level.
However, a recent study performed by Coulthard et al*”! showed contradictory
results, indicating that the exact function of DNA-TG still requires further validation
in IBD. On the other hand, we performed this retrospective research to determine the
cut-off levels of 6TGN for predicting TIL, which need to be validated in further
prospective studies.

In conclusion, this study found that the level of 6TGN was significantly correlated
with thiopurine-induced TIL in Chinese CD patients with different NUDT15
genotypes, and specific cut-off values were determined. It is strongly recommended
that these specific 6TGN cut-off levels be applied to adjust thiopurine therapy to
ensure the therapeutic effects and decrease the incidence of TIL.
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Table 3 Multivariable prediction model for thiouprine-induced leukopenia, including the nucleoside diphosphate-linked moiety X-type

motif 1 R139C genotypes and 6-thioguanine nucleotide cut off levels

Leukopenia
Category % of total OR (95%Cl) Pvalue
Yes No
NUDT15 R139C TT 4 0 4/4 (100%) M -
NUDT15 R139C CT + 6TGN > 319.2 14 1 14/15 (93.3%) 225.0 (27.6-1836.2) 1.5x 10
NUDT15 R139C CT + 6TGN < 319.2 19 31 19/50 (38.0%) 9.9 (4.5-21.6) 8.1x10™
NUDT15 R139C CC + 6TGN > 411.5 21 82 21/103 (20.4%) 4.1 (2.0-8.5) 48 x107°
NUDT15 R139C CC + 6TGN < 411.5 14 225 14/239 (5.9%) Reference -
Total 72 339 72/411 (17.5%)

Patients carrying the TT allele, irrespective of the concentration of 6-thioguanine nucleotide (6TGN), were at the highest risk, as all of them developed
leukopenia in this study. Patients with the CT genotype and a 6TGN concentration above the cut-off value of 319.2 pmol/8 x 10® red blood cells (RBC) were
at the second highest risk of developing leukopenia [OR 225.0 (95%CI: 27.6-1836.2)], followed by those carrying the CT genotype with a 6TGN
concentration below 319.2 pmol/8 x 10% RBC [OR = 9.9 (95%Cl: 4.5-21.6)] and those carrying the CC genotype with a 6TGN concentration above 411.5
pmol/8 x 108 RBC [OR 4.1 (95%CI: 2.0-8.5)]. NUDT15: Nucleoside diphosphate-linked moiety X-type motif 15; 6TGN: 6-thioguanine nucleotide.
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Figure 3 Receiver operating characteristic curves for the concentration of 6-thioguanine nucleotide with the threshold parameters and nucleoside
diphosphate-linked moiety X-type motif 15 R139C genotypes. The area under the receiver operating characteristic curve for the obtained predicted probabilities
based on nucleotide concentrations in different nucleoside diphosphate-linked moiety X-type motif 15 R139C genotypes and the level of 6-thioguanine nucleotide was
0.79 (95%Cl: 0.76-0.92). 6TGN: 6-thioguanine nucleotide; NUDT15: Nucleoside diphosphate-linked moiety X-type motif 15.

ARTICLE HIGHLIGHTS

Research background

Thiopurine-induced leukopenia (TIL) is life-threatening and occurs with a high frequency in
Asia. Although nucleoside diphosphate-linked moiety X-type motif 15 (NUDT15) variants
improve the predictive sensitivity of TIL, more than 50% of TIL cannot be predicted by this
mutation. The potential use of the 6-thioguanine nucleotide (6TGN) level to predict TIL is
controversial.

Research motivation
Can we increase the predictive sensitivity based on 6TGN by subgrouping patients according to
their NUDT15 R139C genotypes?

Research objectives
To obtain a better model with combination of 6TGN levels and NUDT15 R139C genotypes to
predict thiopurine-induced TIL and improve the safety for the thiopurine treatment.

Research methods

A total of 411 patients diagnosed with Crohn’s disease at the Sixth Affiliated Hospital of the Sun
Yat-sen University were included in this study. Peripheral blood from patients was collected to
detect the NUDT15 R139C/TPMT*3C genotypes and 6TGN concentrations at School of
Pharmaceutical Sciences, Sun Yat-sen University. The X2 method or Fisher’s exact test was used
to check the association of TIL with NUDT15 R139C/TPMT*3C diplotypes. A receiver operating
characteristic (ROC) curve was used to obtain 6TGN cut-off levels to predict the development of
TIL.
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Research results

TIL was observed in 72 individuals with a median 6TGN level of 323.4 pmol/8 x 10° red blood
cells (RBC), which was not different from that of patients without TIL (P = 0.071). After
comparing the 6TGN levels based on NUDT15 R139C, for CC (n = 342) and CT (n = 65), the
median 6TGN level in patients with TIL was significantly higher than that in patients without (P
=9.4 x 107, 474.8 pmol/8 x 10° RBC vs 306.0 pmol/8 x 10°* RBC and P = 0.039, 291.7 pmol/8 x 10°
RBC vs 217.6 pmol/8 x 10° RBC, respectively). The four TT carriers developed TIL, with a
median 6TGN concentration of 135.8 pmol/8 x 10° RBC. The 6TGN cut-off levels were 411.5 and
319.2 pmol/8 x 10® RBC for the CC and CT groups, respectively. The area under the ROC curve
for the obtained predicted probabilities based on NUDT15 R139C and the 6TGN level was 0.79
(95%CTI: 0.76-0.92).

Research conclusions
The predictive sensitivity of TIL based on 6TGN is dramatically increased after subgrouping
patients according to NUDT15 R139C genotypes.

Research perspectives
Applying these specific 6TGN cut-off levels to adjust thiopurine therapies based on NUDT15
R139C is strongly recommended during the thiopurine treatment.
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