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Azathioprine (AZA) and its metabolite, mercaptopurine (6-MP), are widely used immunosuppressant drugs. Polymorphisms in genes
implicated in AZA/6-MP metabolism, reportedly, could account in part for their potential toxicity. In the present study we performed a
systematic review and a meta-analysis, comprising 30 studies and 3582 individuals, to investigate the putative genetic association of two
inosine triphosphatase (ITPA) polymorphisms with adverse effects in patients treated with AZA/6-MP. We found that rs1127354 is associated
with neutropenia in general populations and in children (OR: 2.39, 95%Cl: 1.97-2.90, and OR: 2.43, 95%Cl: 2.12-2.79, respectively), and
with all adverse effects tested herein in adult populations (OR: 2.12, 95%Cl: 1.22-3.69). We also found that rs7270101 is associated with
neutropenia and leucopenia in all-ages populations (OR: 2.93, 95%Cl: 2.36-3.63, and OR: 2.82, 95%Cl: 1.76-4.50, respectively) and with all
adverse effects tested herein in children (OR: 1.74, 95%Cl: 1.06-2.87). Stratification according to background disease, in combination with
multiple comparisons corrections, verified neutropenia to be associated with both polymorphisms, in acute lymphoblastic leukemia (ALL)
patients. These findings suggest that /TPA polymorphisms could be used as predictive biomarkers for adverse effects of thiopurine drugs
to eliminate intolerance in ALL patients and clarify dosing in patients with different /TPA variants.

The Pharmacogenomics Journal (2022) 22:39-54; https://doi.org/10.1038/541397-021-00255-3

INTRODUCTION

The thiopurine drugs, mercaptopurine (6-MP) and its prodrug,
azathioprine (AZA), are purine analogs which are widely used
immunosuppressant agents to treat patients with inflammatory
bowel disease (IBD), acute lymphoblastic leukemia (ALL), rheuma-
toid arthritis (RA) and other diseases, as well as for patients having
received a transplant [1-4]. Although these drugs are potent and
effective medications, 20% of the patients present serious toxicity
that may lead to therapy discontinuation, while 9% of the patients
are resistant to thiopurine treatment [5-11]. The most common
reported adverse effects include leucopenia, neutropenia, myelo-
suppression, pancreatitis, hepatotoxicity, while flu-like symptoms,
skin reaction, rash, alopecia, nausea and vomiting seem to be rarer
[10]. Because adverse effects are idiosyncratic, thiopurine dosing is
difficult to be calculated [7]. In some people, AZA/6-MP can
accumulate in their bodies and become toxic, while others have
no negative reaction.

AZA is the pro-drug and is metabolized to 6-MP in the liver by
the enzyme glutathione-S-transferase (GST) [12]. 6-MP can be
metabolized to 6-methylmercaptopurine (6-MMP) by the enzyme
thiopurine methyltransferase (TPMT) and 6-thiouric acid (6-TU) by
the enzyme xanthine oxidase (XO) [13]. Both 6-MMP and 6-TU are
inactive metabolites of MP. In the main pathway 6-MP is
metabolized to 6-thioinosine 5-monophosphate (6-TIMP) and
finally to 6-thioguanine nucleotide (6-TGN), the active metabolite
of the drug. However, 6-TIMP can also be converted to thioinosine

triphosphate (6-TITP) a metabolite with potential toxicity to cells
[14, 15]. The enzyme inosine triphosphatase (ITPA) catalyzes the
pyrophosphohydrolysis of 6-TITP back to 6-TIMP to eventually be
metabolized to 6-TGN, the active metabolite for immune
modulation. Though the exact mechanism of 6-TGN function is
not fully elucidated yet, it is speculated (based on the structural
similarity to the purine guanine), that immunosupression and
cytotoxity is the result of inhibition of nucleotide synthesis (RNA,
DNA) and hence protein synthesis, leading to inhibition of
lymphocytes proliferation [16-18].

The cytotoxic and immunosuppressive properties of AZA/6-MP
are mediated by 6-TGN [13, 19-21]. TPMT is a major determinant
for the inactivation of AZA/6-MP. Among individuals, polymorph-
isms in TPMT have been identified, and there is high variability in
the activity of the enzyme, being high, medium, and low
metabolizers [7]. More recently, it has also been shown that
NUDT15 polymorphisms are implicated in the tolerance of AZA/6-
MP and the development of various types of adverse effects
[22, 23]. A common practice has emerged to scan the individuals
that are going to receive AZA/6-MP treatment for TPMT activity
[7, 24, 25]. However, only TPMT or NUDT15 polymorphisms do not
suffice for the prediction of all adverse effects, since about 70% of
patients that show bone marrow suppression as adverse effect,
have normal TPMT activity [24, 26, 27]. The above observations
suggest that other factors are also in play to control adverse
effects [28]. On the other hand, it is also known that genetic ITPA
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deficiency results in the cellular accumulation of the toxic 6-TITP
that follows exposure to thiopurines [7]. ITPA is considered as a
“house cleaning” gene since it hydrolyzes 6-TITP back to 6-TIMP,
thus preventing the accumulation of 6-TITP (the rogue nucleo-
tides) and promoting the production of 6-TGN [7]. It seems that a
fine-tuned regulation between 6-TITP toxicity and 6-TGN ther-
apeutic effect is accomplished by the proper expression of ITPA.

Among polymorphisms of ITPA, two are reported to show
decreased enzymatic activity, and thus, they have been investi-
gated for thiopurine-associated toxicity [29-32]. According to data
obtained from the resolution of the crystal structure [33] and
biochemical experiments [34], ITPA acts as a homodimer.
Genotype and biochemical data from humans [35] further support
the function of ITPA as homodimer. It is reported that decreased
ITPA activity, is caused by a missense nucleotide change in exon 2
(rs1127354, or 94C>A), resulting in a proline-to-threonine
substitution (P32T), and heterozygotes present around 22%
activity compared to wild type (wt) homozygotes, whereas risk
homozygotes present zero activity [34-36]. For proteins partici-
pating in homodimers in an heterozygote individual the possible
combinations for wt/wt, wt/mt and mt/mt dimers are 1:2:1,
meaning that only one homodimer in four is fully functional [34].
This explanation is absolutely supported by the above mentioned
22% activity in rs1127354 heterozygotes. In terms of biological
implication, this is translated to a dominant mode of inheritance
[37, 38]. Another polymorphism, rs7270101 (IVS2+21A>() is
located in the second intron, it modifies splicing and hetero-
zygotes display around 60% activity of the wt homozygotes [35].
Thus, these two variations lead to lower ITPA enzymatic activity
and subsequently to accumulation of 6-TITP in erythrocytes and
increased toxicity of purine analog drugs [7, 29-32, 36, 39].

Several research groups have performed pharmacogenetic
cohort studies in order to investigate the association between
ITPA polymorphisms and AZA/6-MP toxicity. In 2007 a meta-
analysis [40] was published but since then more data have
become available. Herein, we conducted a systematic review and
a meta-analysis to investigate putative associations of the /TPA
polymorphisms rs1127354 and rs7270101 with adverse reactions
after AZA/6-MP treatment in patients with any disease that had
been treated for. We integrated data from thirty studies and 3582
individuals presenting all kinds of adverse effects described in the
literature. The results of the present meta-analysis may help health
professionals in decision making procedures for patients that are
going to receive AZA/6-MP.

MATERIAL AND METHODS

Literature search strategy

A systematic, computerized literature search in PubMed, SCOPUS, GOOGLE
SCHOLAR and PharmGKB until December 2020 was performed to identify
all articles in the literature reporting allele or genotype data. Effort was
made to include conference papers and dissertations. Studies were
identified and subsequently selected according to PICO framework [41]
using the following search terms: ITPA or “Inosine Triphosphatase”
combined with AZA or Azathioprine or Mercaptopurine or “6-MP” and
“gene” or “polymorphism” or “mutation” or “SNP” combined with “side
effects” or “adverse effects”. Thus, an eligible study had to include all kinds
of patients that had received AZA or 6-MP, provide data on alleles or
genotypes of ITPA polymorphisms and follow them during treatment to
test if adverse effects occurred. The overall procedure of data extraction
has been performed according to PRISMA guidelines [42] (Fig. 1). After an
initial screening of titles and abstracts, only relevant articles were analyzed.
Studies were examined carefully and only the ones that provided sufficient
data to estimate Odds Ratio and its 95% confidence interval (95% Cl) were
included in the qualitative and quantitative analysis. The reference lists
were scrutinized to consider unpublished studies (conference papers,
dissertations) to avoid gray literature publication bias. No restrictions in the
study selection procedure (study design, language or other quality
measures) were imposed. Non-English manuscripts were also considered
for review [43, 44].
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Risk of bias assessment and data extraction
Since all included studies were non-randomized, risk of bias was assessed by
two reviewers (EB and GB) using the seven domains of ROBINS-I criteria [45].
The following data were extracted from each study: PubMed ID, first
author’s name, year of publication, racial descent of participants, country of
populations studied, and the total number of the subjects (with or with no
adverse effects). Furthermore, type of disease, type of adverse effect of
AZA/6-MP and the distribution of genotypes and alleles for all participants
were recorded.

Statistical analysis

In order to evaluate the distribution of alleles and genotypes between
cases and controls, the specific odds ratios along with their 95%
confidence intervals were calculated for each polymorphism and for each
comparison applying the random-effects method of DerSimonian and
Laird [46]. In case of a zero cell, a continuity correction was applied by
adding 0.5 to all cells of the contingency table. The percentage of
between-studies variability, due to heterogeneity, was evaluated by the
inconsistency index I [47].

Initially, a meta-analysis was performed on a unique comprehensive
group of patients that had at least one of the adverse effects, regardless of
the background disease. It has to be mentioned that many studies did not
specify the adverse effect and thus the term “all adverse effects” was used
in the present study to include cumulatively all the mentioned and the
non-mentioned adverse effects. When articles reported more than one
adverse effect on the same population, the study with the highest number
of cases was included in the “all adverse effects” meta-analysis so that each
individual patient was counted only once in each meta-analysis. Two
studies [10, 15] were considered to have duplicate data and thus only one
was included [10]. Stratification analyses were also performed for adults
and children, as well as for subpopulations according to race, where
possible.

Three different contrasts were investigated corresponding to co-
dominant, dominant and recessive modes of inheritance (A vs. C, AC+
AA vs. CC and AA vs. AC + CC for rs1127354 and C vs. A, CC+ ACvs. AA,
and CC vs. AC+ AA genotypes for rs7270101). However, because the
numbers of risk homozygotes were in all cases either very low or zero, only
results for the dominant mode of inheritance are presented herein. For all
analyses, the statistical package STATA 13 was used. Results with p value <
0.05 were considered statistically significant.

The Begg and Mazumdar rank correlation test [48] and the fixed-effects
regression method of Egger [49] were used to evaluate publication bias.
Influential meta-analysis was performed, by checking the effect of removing
an individual study and each time repeating the analysis on the overall
significance of the estimate and on the heterogeneity. The standard
cumulative meta-analysis approach and a more recently proposed
regression-based method were used for the detection of the time-trend
[50]. Multiple comparisons testing was performed according to methods
proposed by Bonferroni [51], Holm [52], Sidak [53], and Holland [54].

RESULTS

Characteristics of the studies included in the meta-analysis

A comprehensive, computerized search in the literature yielded a
total of 155 studies that examined the association of rs1127354
and rs7270101 polymorphisms with the appearance of adverse
effects of AZA/6-MP. For rs1127354, 30 studies (with 3582
patients) met the inclusion criteria and their data were included
in the meta-analysis (Fig. 1). The characteristics of each study
along with information on alleles and genotypes are shown in
Table 1. In particular, three studies were on neutropenia as
adverse effect [10, 14, 55], ten studies [14, 31, 32, 56-62]
addressed leucopenia, myelosuppression was investigated in
eight studies [1, 31, 60, 63-67], two studies were on hematotoxi-
city [68, 69], two studies on agranulocytosis [14, 31], twelve studies
[10, 29, 31, 59, 60, 63-66, 68-70] provided data on hepatotoxicity,
and nine studies [10, 56, 59, 60, 63-66, 70] reported pancreatitis. In
addition, flu-like symptoms were examined in five studies
[9, 10, 59, 64, 68], nausea & vomiting in three studies
[10, 59, 64], rash in two studies [10, 64], skin reaction in two
studies [59, 65], alopecia in two studies [31, 65] and other (non-
mentioned) adverse effects were reported in four studies

The Pharmacogenomics Journal (2022) 22:39-54



E Barba et al.

m PRISMA 2009 Flow Diagram
Records identified through databases

c Additional records identified through
o (Pubmed, Scopus, Google Scholar, . g
g i references’ lists
5 PharmGKB) searching (n=12)
= (n=143)
B
c
]
=l v v
Records after duplicates removed
(n=155)
—
v
oo .
£ Records screened Records excluded (not in
& (n=141) > humans)
o (n=14)
O
)
v
— Full-text articles assessed for Full-text articles excluded,
eligibility > with reasons (reviews,
) (n=127) letters, editorials, case
reports, animal studies, in-
> vitro experiments, other
% v treatments tested,
o Studies included in inappropriate data form)
w qualitative synthesis (n=97)
(n=31)
-
v
Studies included in
quantitative synthesis (meta-
E, analysis)
= (n=30)
©
: I |
Studies included in quantitative Studies included in quantitative
synthesis (meta-analysis) for synthesis (meta-analysis) for
rs1127354 rs7270101
(n=30) (n=12)

Fig. 1 PRISMA flow diagram. Flow of information through the different phases of the present systematic review (number of records

identified, excluded, and included ones).

[1, 10, 64, 69] (Table 2). For rs7270101, twelve studies (with 1562
patients) were included (Fig. 1). Three of these studies [10, 14, 55]
reported on neutropenia, five on leucopenia [14, 32, 56, 57, 60],
four studies [10, 29, 60, 65] on hepatotoxicity, four studies
[10, 56, 60, 65] on pancreatitis, four on myelosuppression
[1, 60, 65, 67] and two studies examined other (non-mentioned)
adverse effects [1, 10] (Table 3). AZA/6-MP was received by
patients suffering from different background diseases. The above
studies included information about three major background
disease states for rs1127354. In particular, 2169 patients suffered
from IBD, 974 patients from ALL and 370 patients had undergone
transplantation. For rs7270101, IBD was found in five studies with
778 patients, ALL in five studies with 569 patients and two studies
described adverse effects in 215 transplant recipients (Table 4).

Risk of bias for the included studies was assessed with the use
of ROBINS-I tool. As shown in Supplementary Fig. 1, most studies
had low to moderate risk of bias in the domains: selection,
classification of intervention, missing data and selection of
reported results. However, confounding bias was diverse because
in many studies the intervention was discontinued or adjusted
and the time of intervention was not completely specified. Bias in
the measurement outcomes was not low because of the method
of study recruitment; in all studies all patients had received
intervention.

rs1127354 polymorphism of ITPA gene

In total, thirty studies (with 3582 patients) [1, 9, 10, 14, 29-32, 55-76]
were included in our meta-analysis to test the association of
rs1127354 polymorphism of ITPA with AZA/6-MP toxicity. Among

The Pharmacogenomics Journal (2022) 22:39 - 54

them, seventeen studies were conducted in Caucasian popula-
tions, eleven in Asian, one in Egyptian and one study was carried
out in a mixed population with Caucasian, Asian and African origin
(Table 1).

Meta-analysis according to dominant mode of inheritance
(AC 4 AA vs. CQ) and using the random effects model showed
association of rs1127354 with AZA/6-MP-caused all adverse effects
in adults (OR: 2.12, 95%Cl: 1.22-3.69) (Table 2). Heterogeneity was
rather high (> = 71.10%) and neither evidence for publication bias
(p value = 0.245) nor for time trend was observed (Table 2). Of
note is the fact that in all tested populations, the numbers of risk
homozygotes were zero or extremely low or genotypes’ data were
given as sum of heterozygotes and risk homozygotes (Supple-
mentary Table 1). Thus, meta-analysis using the recessive or co-
dominant mode of inheritance would be carried out only by
adding pseudo-counts to all cells of the 2x2 table and
consequently would lead to meaningless biological interpreta-
tions, thus they were not performed.

Because of the racial differences in the frequency of rs1127354,
we stratified our analysis according to the races reported in the
included studies. Our results did not show any different outcome
between Asians and Caucasians (Fig. 2a).

We, next, created groups of patients according to their
adverse effects and meta-analyses were conducted separately
for each adverse effect. This stratification analysis revealed
rs1127354 to be associated with neutropenia (irrespective of
the age of the patients) with OR: 2.39 (95%Cl: 1.97-2.90) and
particularly in children with OR: 2.43 (95%Cl: 2.12-2.79) (Table 2
and Fig. 2b).
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Meta-analyses investigating putative association of the rest of
the separate adverse effects (leucopenia, myelosuppression,
hepatotoxicity, pancreatitis, skin reaction, alopecia, flu-like, rash
and other non-mentioned) and rs1127354 polymorphism showed
no significant association according to the random effects model.
There was no evidence for publication bias except for analysis of
all adverse effects for pediatric patients, nor was time trend
observed in any of the contrasts (Table 2).

After multiple comparisons testing with Bonferroni, Holm, Sidak,
and Holland methods, rs1127354 was confirmed to be associated
only with neutropenia (Supplementary Table 3).

rs7270101 polymorphism of ITPA gene

Meta-analysis was performed for the association of rs7270101
polymorphism of ITPA with AZA/6-MP toxicity. In total, twelve
studies [1, 10, 14, 29, 32, 55-57, 60, 65, 67, 74] were found eligible
and provided data for 1562 subjects (Table 1). Ten studies enrolled
Caucasian populations, one study Egyptian population and one
mixed population with most patients of Caucasian origin while
only few were Asians or Africans (60:9:3). Initially, a meta-analysis
was performed with patients presenting all adverse effects
(regardless of the disease they were taking AZA/6-MP for); 598

E Barba et al.

patients presented adverse effects and 964 patients were without
adverse effects.

Meta-analysis was performed according to dominant mode of
inheritance (AC+ CC vs AA) and no association was found with
the random effects model (OR: 1.14, 95%Cl: 0.67-1.93) (Table 3 and
Fig. 3a). However, the association of all adverse effects was
significant in pediatric patients with OR: 1.74 and 95%Cl: 1.06-2.87
(Table 3). Once more, the nearly zero frequency of risk
homozygotes in all tested populations (Supplementary Table 2)
would have resulted to erroneous results in case of using the co-
dominant or recessive models of inheritance.

To identify any putative effect of frequency differences between
reported ethnic populations, we stratified our analysis according
to races. We observed no different outcome in different races as
shown in Fig. 3a.

Next, stratification of the meta-analysis by separate adverse
effects revealed significant association of rs7270101 with neu-
tropenia and leucopenia in the general population and in
pediatric patients. ORs for neutropenia in the general population
was 293 (95%Cl: 2.36-3.63) and in children 3.00 (95%Cl:
2.63-3.41). For leucopenia ORs were 2.82 (95%Cl: 1.76-4.50) in
general population and 2.92 (95%Cl: 2.31-3.70) in children (Table 3
and Fig. 3b). For the rest of the adverse effects no associations

Table 2.
using the random effects model.

Meta-analysis for the association of the ITPA rs1127354 (94 C > A) polymorphism with adverse effects for the dominant mode of inheritance

Adverse effect Number of # Patients with  # Patients Odds ratio (95% ? Publication bias Time trend
studies adverse effects without adverse Conf. Interval)
effects
All adverse effects 30 (17c Tm, 1389 2193 1.46 (0.99-2.15) 77.9% No No
11a, 1e)
Adult 17 (11¢, 6a) 756 1360 2.12 (1.22-3.69) 71.1% No No
Pediatric 11 (4¢c, 1 m, 5a3,1¢) 510 568 1.14 (0.68-1.89) 84.1% Yes No
Neutropenia 3 (2¢,1e) 183 119 2.39 (1.97-2.90) 272% No No
Pediatric 2 (1¢, 1e) 172 * 243 (2.12-2.79) 0.0% Nd Nd
Leucopenia 10 (4c, 1 m, 4a,1e) 427 999 1.26 (0.73-2.16) 355% No No
Adult 6(3¢, 3a) 285 757 1.35 (0.88-2.08) 394% No No
Pediatric 3(1m, 13, 1e) 110 118 0.55 (0.22-1.36) 0.0% No Nd
Myelosuppression 8 (7¢, 1a) 81 452 0.92 (0.40-2.13) 0.0% No No
Adult 5 (5¢) 50 289 1.21 (0.47-3.13) 0.0% No No
Hematotoxicity 2 (2a) 37 189 0.87 (0.38-2.00) 0.0% Nd Nd
Agranulocytosis 2 (1a, 1e) 74 * 1.89 (0.89-4.01) 0.0% Nd Nd
Pancreatitis 9 (8¢, Tm) 66 1024 1.35 (0.65-2.81) 0.0% No No
Adult 7 (7¢0) 43 806 1.59 (0.73-3.48) 0.0% No No
Hepatotoxicity 12 (9¢, 3a) 163 1163 1.05 (0.49-2.27) 48.1% No No
Adult 9 (7c¢, 2a) 89 911 1.24 (0.67-2.30) 0.0% No No
Pediatric 2 (1c, 1a) 69 95 0.79 (0.01-50.41) 94.1% No No
Flu-like 5 (4c¢, 1a) 133 785 3.85 (0.58-25.64) 85.5% No No
Adult 5 (4c¢, 1a) 133 785 3.85 (0.58-25.64) 855% No No
Nausea & Vomiting 3 (30) 41 540 1.00 (0.37-2.69) 0.0% No No
Adult 3 (3¢0) 41 540 1.00 (0.37-2.69) 0.0% No No
Rash 2 (20) 9 198 3.49 (0.81-15.07) 0.0% No No
Adult 2 (20) 9 198 3.49 (0.81-15.07) 0.0% Nd Nd
Skin reaction 2 (20) 16 506 0.71 (0.13-3.98) 0.0% Nd Nd
Alopecia 2 (1c, 1a) 6 157 2.11 (0.16-27.67) 0.0% Nd Nd
Other (non- 4 (3¢,1a) 16 329 1.16 (0.33-3.99) 0.0% No No
mentioned)
Adult 3 (30 13 238 1.23 (0.29-5.19) 0.0% No No

c: Caucasian, a: Asian, m: Mixed, e: Egyptian, Nd: non determined, *: time-to-event analysis.
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Table 3.
inheritance using the random effects model.

Meta-analysis for the association of the ITPA rs7270101 (IVS2 + 21 A > C) polymorphism with adverse effects for the dominant mode of

Adverse effect Number of # Patients with # Patients Odds ratio (95% ? Publication bias Time trend
studies adverse effects  without adverse  Conf. Interval)
effects
All adverse effects 12 (10c, 1 m, 1e) 598 964 1.14 (0.67-1.93) 76.1%  Yes No
Adult 4 (4¢) 119 414 0.84 (0.46-1.56) 0.0% No No
Pediatric 6 (4c, Tm,le) 356 285 1.74 (1.06-2.87) 842% No No
Neutropenia 3 (2¢,1e) 183 119 2.93 (2.36-3.63) 47.1% No No
Pediatric 2 (1, 1e) 172 & 3.00 (2.63-3.41) 0.0% Nd Nd
Leucopenia 5(3c, 1Tm, 1e) 124 493 2.82 (1.76-4.50) 26.8% No Yes
Adult 2 (20) 20 308 0.82 (0.23-2.95) 0.0% Nd Nd
Pediatric 2 (1c, 1e) 72 61 2.92 (2.31-3.70) 0.0% Nd Nd
Myelosuppression 4 (4¢) 49 239 0.92 (0.38-2.19) 0.0% Yes No
Adult 2 (20) 94 96 0.84 (0.25-2.87) 0.0% Nd Nd
Pancreatitis 4 (3¢, Tm) 34 378 1.50 (0.67-3.36) 0.0% No No
Adult 2 (2¢) 1 180 1.68 (0.23-12.26) 30.1% Nd Nd
Hepatotoxicity 4 (4¢) 72 353 0.87 (0.32-2.41) 0.0% No No
Adult 2 (20) 9 184 1.40 (0.22-8.89) 0.0% Nd Nd
Other (non- 2 (20) 10 164 1.83 (0.20-16.52) 52.6% Nd Nd
mentioned)
Adult 2 (2¢) 10 164 1.83 (0.20-16.52) 52.6% Nd Nd

c: Caucasian, a: Asian, m: Mixed, e: Egyptian, Nd: non determined, *: time-to-event analysis.

were found (Table 3). No publication bias was observed for most
analyses; exceptions are analysis of all adverse effects, and
myelosuppression. No time trend was identified in any of the
analyses, except for analysis of leucopenia (Table 3).

To adjust the level of significance of the above associations we
performed multiple comparison tests with Bonferroni, Holm, Sidak
and Holland multiple testing methods. Remarkably, rs7270101
polymorphisms was confirmed to be associated with neutropenia
and leucopenia (Supplementary Table 3).

Association between rs1127354 and rs7270101 and adverse
effects in a stratification analysis according to background
disease

Since the disease, an individual may suffer from, can be partially
attributed to a specific genetic background, we set out to
investigate whether certain background diseases can affect the
existence and the nature of AZA/6-MP toxic effects. Towards this
direction, additional sub-group analyses were performed for each
polymorphism stratifying for the background disease.

For rs1127354, we encountered three different background
disease situations i.e., IBD, ALL and renal or liver transplant
recipients. In patients with IBD, rs1127354 polymorphism was
significantly associated with all adverse effects in adults (OR: 2.12,
95%Cl: 1.06-4.24) (Table 4). Further stratification according to
background disease and type of adverse effect revealed
neutropenia, as an adverse effect, to be significantly associated
with rs1127354 polymorphism in pediatric patients with ALL (OR:
2.43, 95%Cl: 2.12-2.79). Heterogeneity was not detected (Table 4).

In our attempt to stratify data for rs7270101 polymorphism
according to background disease entities, three subgroup
analyses were formulated. No significant association was depicted
in the groups of IBD patients and transplant recipients.
Remarkably, all adverse effects and neutropenia, separately, were
statistically significantly associated with rs7270101 in pediatric
patients suffering from ALL (OR: 1.87, 95%Cl: 1.13-3.08 and OR:
3.00, 95%Cl: 2.64-3.41, respectively) (Table 4).

p-values of all tested associations were tested according to
Bonferroni, Holm, Sidak, and Holland methods in order to prevent

SPRINGER NATURE

the inflation of false positive rates that could have occurred in the
above multiple statistical tests. The association of both poly-
morphisms with neutropenia in ALL patients was confirmed
(Supplementary Table 4).

DISCUSSION

The present meta-analysis is an attempt to investigate the
putative effect of ITPA polymorphisms in the development of
adverse effects in AZA/6-MP treated patients. We found that the
risk allele A of rs1127354 (94 C> A) is statistically significantly
associated with increased risk for cumulatively all adverse effects
in adults and separately with neutropenia. We also found that
rs7270101 (IVS2 4+ 21 A > Q) is associated with all adverse effects in
children and with neutropenia and leucopenia development in all-
ages and pediatric AZA/6-MP treated patients. The adjusted p-
values, after multiple comparisons corrections, revealed signifi-
cance for the associations with neutropenia and leucopenia. The
evidence suggesting associations with all adverse effects in
distinct populations was not confirmed denoting that more
studies are needed to lead to robust results or that adverse effects
should better be studied separately.

Stratification according to background disease revealed some
interesting findings. IBD adult patients with rs1127354 poly-
morphism are more likely to develop all kinds of adverse effects.
Importantly, pediatric ALL patients with either rs1127354 or
rs7270101 polymorphism have almost two and half and three
times, respectively, higher risk to develop neutropenia. The latter
associations were confirmed after multiple comparisons tests.
Though speculative, association with neutropenia in ALL patients
may suggest either that ITPA deficiency can regulate the function
of genes that predispose to neutropenia and leukemia [77, 78] or
that the 6-thio-ITP, the metabolite that is the substrate of ITPA,
exert inhibitory or mutagenic effects (directly or indirectly) on
DNA replication or transcription in leukocytes [79]. Based on
differences in the frequencies of gene variants of the other two
thiopurine related pharmacogenes (TPMT and NUDTI15) among
individuals of different origin [28], we also stratified our analysis

The Pharmacogenomics Journal (2022) 22:39-54
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Nd

Nd

52.6%

1.83 (0.20-16.52)

164

10

2 (20)

IBD

mentioned)

Nd

Nd

34.9%
86.2%
86.2%
0.0%

0.50-3.07)
1.13-3.08)
1.13-3.08)
2.64-3.41)

No

No

No

No

Nd

Nd

Nd

Nd

0.0%

2.64-3.41)

1.23
1.87
1.86
3.00
3.00

146
224
224

69

2 (20)

All adverse effects

Transplantations

ALL
ALL
ALL
ALL

345
345

5 (4c, 1e)

All adverse effects

5 (4c, 1e)

Pediatric

172
172

2 (1¢, 1e)

Neutropenia

2 (1¢, 1e)

c: Caucasian, a: Asian, m: Mixed, e: Egyptian, Nd: non determined, *: time-to-event analysis.

Pediatric
ALL acute lymphoblastic leukemia, IBD inflammatory bowel disease.

according to geographical ancestry; no association was depicted
for any of the two ITPA polymorphisms in any specific population.

As we already discussed, functional and biochemical data in the
literature show that ITPA forms a homodimer in order to exert its
action. This finding is consistent with the notion that, in
heterozygotes of rs1127354, only one out of four dimers can be
functional. Heterozygotes of rs1127354 show, also, only 22% of
the wt homozygotes mean activity, whereas homozygotes show
zero [TPase activity [10, 34-36]. Taken together these facts imply
clearly a dominant mode of inheritance, similar to what was seen
in other dimers such the melanocortin-4 receptor [37], or the
calcium-sensing receptor (CASR) [38, 80]. Importantly, in most of
the included studies the risk homozygotes were zero or very few
or no information was given. Thus, analysis for the co-dominant or
recessive modes of inheritance, would need adding pseudo-
counts and, would lead to biologically erroneous interpretations.
Beyond that, testing additional null hypotheses would entail an
increased risk of Type | error rate.

In the present meta-analysis, we investigated the association of
two ITPA polymorphisms with the presence of adverse effects after
AZA/6-MP administration. Compared to a previous meta-analysis
[40] published in 2007, our study has certain advantages. First it
provides an update of the global literature and robustly associates
rs1127354 with adverse effects of AZA/6-MP, namely neutropenia.
It contains data from 30 studies with 3712 patients as compared to
6 studies and 751 patients of the previous one that received AZA/
6-MP treatment. Second, it presents, for the first time, a meta-
analysis on rs7270101 showing association only with neutropenia
and leucopenia. Third, we stratified our analysis according to the
age of patients (children and adults) while the previous meta-
analysis investigated only the rs1127354 polymorphism in all-ages
populations. Fourth, in this study we investigated all types of
adverse effects separately adding eight more adverse effect
categories compared to the previous one [40] (twelve types of
adverse effects as compared to four types of adverse effects). Fifth,
the previous meta-analysis [40] was limited to IBD patients, while
the present study includes all kinds of background disease and
stratifies the analysis into IBD, ALL and transplant recipient
patients. Sixth, because rs1127354 has different frequencies in
various ethnic populations, showing the highest frequency in
Asians (11-19%), the lowest in South Americans (1-2%) and
intermediate in Caucasians (9%) and Africans (5%) [35, 81, 82], we
explored the putative association of both polymorphisms with
adverse effects in separate populations. Finally, we investigated
methodological issues such as heterogeneity, publication bias,
time-trend, sensitivity analysis, multiple comparison testing and
assessment of the risk of bias.

We also acknowledge some important issues and limitations
that could have affected the credibility of our results. The
existence of gray literature cannot be precisely identified; thus
publication bias could not be ruled out. The studies investigated in
the present meta-analysis encompassed a diverse range of drug
intervention and time settings. In addition, confounding factors
can potentially influence the quality parameters assessed. In
addition, tests for the severity of toxicity in a drug dose dependent
manner could not be performed since neither data for toxicity
classification was given nor comparable and stable (within studies
and within individuals) AZA/6-MP dosage schemes were used.
Moreover, in four cases methotrexate was co-administered. Thus,
heterogeneity in study designs and diversity in the intervention
times could have affected our results. However, these factors were
considered in risk of bias assessments. Nevertheless, we
performed the meta-analysis carefully taking all these considera-
tions into account. More detailed analyses, for instance to account
for co-administered drugs, various dosage schemes, different
follow-up times, or the co-existence of the adverse effects, would
need access to individual data, and subsequently an individual
patients’ data (IPD) meta-analysis.

The Pharmacogenomics Journal (2022) 22:39-54
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Fig. 2

Influence of rs1127354 in AZA/6-MP adverse effects. Forest plots according to the random effects model show the results from

current meta-analysis for the association of rs1127354 (a) with AZA/6-MP all side effects stratified by race, (b) with neutropenia after AZA/6-MP

treatment.

In the last few years, developments in molecular techniques have
allowed genes of pharmacological importance to emerge as
biomarkers for predicting adverse effects of drug administration. It
is increasingly acknowledged that clinical effectiveness emerges
from the knowledge of association of gene variants and variable
drug responses in individual patients [83, 84]. TPMT was the first
gene characterized as pharmacogene for thiopurine treated
individuals since some of its polymorphisms (pharmacovariants)
were investigated and proved to be associated with more adverse
effects in the variant carriers [84, 85]. In 2018, the Clinical
Pharmacogenetics Implementation Consortium updated their guide-
lines for thiopurine dosing by advising the pre-emptive genotyping

The Pharmacogenomics Journal (2022) 22:39 - 54

of TPMT and NUDTI5 genes [25]. Optimization of treatment
approaches can substantially reduce the risk of adverse drug
reactions without compromising therapeutic outcomes [28]. Pre-
emptive genotype testing of pharmacogenes is increasingly adopted
in many national healthcare systems since cost-utility analyses
showed that it can reduce the systems’ expenses for unnecessary or
harmful treatments [86]. However, it is similarly acknowledged that
other, rarer or not well studied pharmacovariants and/or pharma-
cogenes are in play to dictate thiopurine adverse responses in
individuals that are genotyped for TPMT and NUDTI5 common
variants and still present severe adverse effects [25, 28]. ITPA has
been investigated (although less, compared to TPMT and NUDT15)
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Fig. 3 Influence of rs7270101 in AZA/6-MP adverse effects. Forest plots according to the random effects model show the results from
current meta-analysis for the association of rs7270101 (a) with AZA/6-MP all side effects, stratified by race, (b) with neutropenia after AZA/6-

MP treatment.

for its utilization as a pharmacogene for thiopurine-based treatments,
with conflicting results [85]. Additional, pre-emptive genotyping,
before AZA/6-MP administration, of other than TPMT and NUDT15
genes is already a well-educated perspective that awaits documen-
tation [25, 28], and rs1127354 and rs7270101 of ITPA have the
potential to be used as predictive biomarkers. In the present meta-
analysis, we quantitatively summarized the up-to-date global data of
the literature on ITPA related adverse effects with the hope that our
results can contribute to new treatment algorithms, protocols and
dosage individualization schedules, to eliminate adverse effects and
improve individual patients’ drug response. Future, large-scale
studies, testing association of TPMT-NUDTI15-ITPA combined geno-
types and drug adverse effects and effectiveness will help assess the
significance of adding ITPA testing to the list of preemptive tests
before thiopurine treatment.
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