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Abstract

Background and Aims: Thiopurines are widely used in the management of inflammatory bowel
diseases. However, their minimum effective dose and dose-response relationship remain undefined,
and evidence about their use in clinical practice is mostly heterogeneous. This systematic review
and meta-analysis aimed: i] to assess the clinical value of 6-thioguanine nucleotide thresholds;
and ii] to compare mean 6-thioguanine nucleotide concentrations between patients in clinical
remission vs. those with active disease.

Methods: A systematic literature search was carried out using four databases. Statistical
heterogeneity was assessed with the |? statistic followed by subgroup and sensitivity analyses.
Odds ratios were computed using the random-effects model.

Results: A total of 1384 records were identified in the systematic search, of which 25 were
retained for further analysis: 22 were used in the cut-off comparisons and 12 were used in the
6-thioguanine nucleotide mean differences analysis.The global odds ratio for remission in patients
with 6-thioguanine nucleotide levels above the predefined thresholds was 3.95 (95% confidence
interval [Cl], 2.63-5.94; p < 0.001]. When considering the different thresholds individually, the odd
ratios were significant for values above 235 pmol/8 x 10® and 250 pmol/8 x 108 red blood cells
[2.25 and 4.71, respectively]. Mean 6-thioguanine nucleotide levels were higher among patients
in clinical remission, with a pooled difference of 63.37 pmol/8 x 108 red blood cells [95% CI, 31.81-
94.93; p < 0.001].

Conclusions: This study reinforces the link between 6-thioguanine nucleotide levels and clinical
remission in inflammatory bowel diseases, also exploring the validity of specific 6-thioguanine
nucleotide thresholds to predict clinical outcomes.
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1. Introduction

Inflammatory bowel diseases [IBD] are complex, multifactorial and
known to arise in response to a complex interplay of individual genet-
ics, environmental triggers, and changes in the intestinal microbi-
ome. The combination of those factors may stimulate an unbalanced
immune response, which in turn leads to a chronic intestinal inflam-
mation.! IBDs have a substantial impact on patients’ health-related
quality of life [HRQoL], given their early onset, main symptoms, fluc-
tuating course, and lack of curative options. Moreover, IBD monitor-
ing and treatments carry considerable expense to health care systems.?

Thiopurines, comprising azathioprine [AZA], mercaptopurine
[MP], and thioguanine [TG], are part of the therapeutic arma-
mentarium used in IBD treatment. Their pharmacologically active
metabolites are 6-thioguanine nucleotides [6-TGN], and their
immunosuppressive effect is attributed to their incorporation into
nucleic acids and consequent inhibition of lymphocyte proliferation,
as well as to their important role in inducing apoptosis.® Indeed,
these drugs specifically target the Vav1/Racl signalling pathway of
T lymphocytes: 6-thioguanine triphosphate [one of the downstream
metabolites] binds to Racl as a competitive antagonist of guano-
sine triphosphate [GTP] and converts a co-stimulatory signal into
an apoptotic one.*

These drugs are steroid-sparing agents and are indicated after
surgery in Crohn’s disease [CD], in case of failure of maintenance
therapy with 5-ASA [S-aminosalicylic acid] in ulcerative colitis [UC],
and as concomitant immunosuppressive drugs during therapy with
biologic agents.® Notwithstanding, the moment of introduction
of these immunomodulators in IBD therapy is being progressively
anticipated to earlier stages of the disease evolution—in fact, the lat-
est therapeutic approaches favour a top-down strategy as an attempt
to alter the natural history of these conditions.”

Traditionally, thiopurines dosing is weight-based, starting at a low
dosage and being then gradually increased until reaching full thera-
peutic levels [2.0 to 2.5 mg/kg/day of AZA or 1.0 to 1.5 mg/kg/day
of MP], following haematological monitoring.® However, this con-
ventional dosing strategy has been associated with intolerance, inef-
ficacy, and adverse effects, leading to the cessation of therapy in
9% to 25% of patients.> An alternative dosing strategy based on
thiopurine S-methyltransferase [TPMT] activity may prevent early
leukopenia, but the other causes of intolerance and adverse effects
remain apparently constant.'’

According to the literature, therapeutic response to thiopurines
is influenced by many factors, including genetic differences, age, and
disease duration and severity, as well as comorbidities. An inade-
quate response to these drugs is, in most cases, related to under-
dosing and/or poor compliance.!* On the other hand, drug adverse
reactions may be related to drug metabolism or be of an idiosyn-
cratic origin, the latter accounting for 1% to 7% of all cases.!® As
such, surveillance plays a key role for prompt identification of loss
of response and toxicity.'!

The latest developments on thiopurines’ pharmacokinetics and
pharmacodynamics, allied to a growing clinical experience, has
allowed the optimisation of dosing regimens with a positive impact
on efficacy and safety.! Nonetheless, the minimum effective dose
is not yet consensual, and the dose-response relationship is still
controversial.’

The usefulness of TPMT phenotyping and genotyping and also
of therapeutic drug monitoring [through analysis of 6-TGN lev-
els, blood count measurements, or evaluation of erythrocyte mean
corpuscular volume as a surrogate marker of 6-TGN concentra-
tion] have recently been addressed.®'>!> However, due to studies’

heterogeneity and conflicting results, its application to clinical prac-
tice is still debatable.!* In fact, according to the current European
and American guidelines [ECCO and AGA], the available scientific
evidence is insufficient to recommend the routine measurement of
6-TGN metabolites.!>1®

This paper’s aim was to systematically review all published evi-
dence regarding the use of thiopurines in the treatment of IBD. The
specific objectives were: i to determine whether there was a relation-
ship between the 6-TGN thresholds and clinical outcomes; and ii]
to analyse the differences of mean 6-TGN concentrations between
patients with active disease and those achieving remission. To do so,
all results from selected articles were quantitatively integrated in a
detailed meta-analysis.

2. Materials and Methods

2.1. Search strategy

This study was conducted following the recommendations of the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
[PRISMA] Guidelines,'” as well as the Cochrane Collaboration
Guidelines for reporting meta-analyses.'® The published studies were
retrieved after a literature search including four electronic data-
bases: PubMed [https://www.ncbi.nlm.nih.gov/pubmed/], Web of
Science [http://www.isiwebofknowledge.com], ScienceDirect [www.
sciencedirect.com], and CENTRAL—Cochrane Central Register of
Controlled Trials [http://www.mrw.interscience.wiley.com/cochrane/
cochrane_clcentral_articles_fs.htm]. The literature search was car-
ried out in December 2016 using the following words or medical
subject heading terms: ([‘thiopurine*’] OR [‘azathioprine’] OR
[‘6-mercaptopurine’] OR  [‘6-thioguanine nucleotide®’]) AND
([‘inflammatory bowel disease*’] OR [‘Crohn’s disease’] OR [‘colitis,
ulcerative’]) AND ([‘clinical response’] OR [‘remission’] OR [‘dis-
ease activity’] OR [‘outcome*’]). In order to ensure that all pertinent
articles were included, the reference lists of the studies selected from
the databases were manually reviewed.

2.2. Eligibility and inclusion/exclusion criteria
Any study enrolling adult or infant patients previously diagnosed
with IBD using clinical, endoscopic, radiological, and/or patho-
logical features, and using a commonly accepted method to assess
disease progression, was considered eligible for inclusion in this sys-
tematic review. Moreover, the following studies’ designs were con-
sidered: randomised controlled trials [RCT], cohort studies, and case
series. The inclusion criteria were: i] articles studying the association
between 6-TGN concentrations and clinical outcomes [active dis-
ease or remission]; and ii] English language. No restriction in terms
of publication dates was applied. Whenever full-text articles were
unavailable, abstracts were included if considered critically relevant.
Exclusion criteria included: i] systematic reviews or guidelines; ii]
studies involving patients with diseases other than IBD; or iii] studies
involving patients receiving thiopurines in association with biological
agents or with a low dose of allopurinol. Indeed, none of the studies
where allopurinol had been added to thiopurine treatment was eligi-
ble as they all failed the criterion of relating 6-TGN levels to clinical
outcomes. Animal studies were also excluded, as recommended in the
Cochrane Handbook of Systematic Reviews of Interventions.

2.3. Study selection and data collection process

The studies identified using the databases or the reference lists were
independently screened by two reviewers. Any study in which title
and abstract clearly indicated that it failed to meet the previously
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described selection criteria, was immediately excluded from further
analysis. In all the other studies, the full text was considered in order
to determine its inclusion or exclusion.

The following information was collected from the selected stud-
ies: journal and authors’ names, publication year, article type, study
design, cohort’s geographical origin, number of patients enrolled,
cohort’s age group [paediatric vs. adult], IBD type, type of thiopurine
used and treatment duration, 6-TGN serum levels, 6-TGN cut-offs,
methodology used in 6-TGN quantification, definition of clinical
outcomes, and proportion of patients in remission or with active
disease above and below the 6-TGN cut-off defined. Patients labelled
as ‘partial responders’ were considered to have active disease.

2.4. Quality assessment

A funnel plot was used as a visual aid to detect potential publica-
tion bias and/or systematic heterogeneity. The quality of the included
studies was further independently assessed by two investigators, fol-
lowing the quality assessment tool [QATSDD] described by Sirriyeh
et al. [2012]." This assessment tool includes 16 items scored from
0 to 3, which reflect the intelligibility of description of aims and
setting, data quality, methodology, and self-assessment. Two of the
items concern only qualitative studies, and therefore were not evalu-
ated in this study. For each paper, the scores were added and divided
by the maximum possible score [42] to obtain the paper’s overall
quality score.

2.5. Statistical analysis

The main variable analysed in this meta-analysis was the clinical
response, defined as remission wvs. active disease. The proportion
of patients in remission with concentrations of 6-TGN above and
below the defined threshold values was extracted or calculated from
each article included. These two groups were then compared using
random-effects meta-analysis and following Cochran—-Mantel-
Haenszel statistics to estimate the odds ratio [OR] for remission and
its 95% confidence interval [95% CI]. This methodology assumes
that the effects estimated in the different studies are not identical
but are similar, and follow some distribution.?’ All estimates were
re-computed from the descriptions provided in the original articles,
which might result in values that are slightly different from the origi-
nal ones. Moreover, random-effects models were used to test whether
mean 6-TGN concentrations differ among patients in remission or
with active disease.

All p-values are two-sided and have a 5% significance level.
Review Manager version 5.3 was used to calculate the ORs and the
corresponding 95% Cls, to generate the forest and funnel plots, and
to evaluate the mean 6-TGN differences. Statistical heterogeneity
was assessed using the I? statistic [values above 50% indicate a sub-
stantial level of heterogeneity] and by performing subgroup analyses
on the following variables: i| paediatric/adult population; ii] single/
multiple 6-TGN measurements; iii] 6-TGN determination method-
ology; iv] duration of treatment; v] patient’s origin; and vi] tools
used to evaluate clinical remission. The stability of the combined
ORs and the weight of each study in the heterogeneity analysis was
assessed by performing a sensitivity analysis omitting one study at a
time in a stepwise fashion.

3. Results

3.1. Bibliographic search and study selection
The selection strategy followed is summarised in Figure 1. The initial
electronic database search yielded 1384 results, of which 289 were

excluded: 141 for being neither observational studies nor controlled
trials; 105 for being duplicates; and 43 for not involving humans. Of
the remaining studies [#z = 1095], 1034 were excluded after screen-
ing their titles and abstracts: 915 did not relate predefined 6-TGN
thresholds with clinical outcomes; five were guidelines; six enrolled
patients with comorbidities; six where abstract and full text were not
available; and 102 were written in a language other than English.
A total of 61 papers were then considered for full-text analysis, from
which 36 were excluded: 19 did not present 6-TGN mean values nor
defined cut-offs; eight assessed an outcome not considered in our
meta-analysis [ie different from clinical remission/disease activity];
five did not depict 6-TGN levels; two had 6-TGN levels expressed in
units other than those used in our analyses; one where the definition
of remission was endoscopic; and one that was unavailable.

Overall, 25 studies matched the inclusion criteria of this system-
atic review, which included a total of 3515 patients with IBD [2093
in remission and 1422 with active disease] [Table 1]. From the 25
studies included, 22 were used in the comparison of 6-TGN cut-
off values [as three®?!'? did not have all the information needed for
this], and 11 were used to compute the pooled 6-TGN levels among
patients in remission vs. those with active disease.

3.2. Study descriptions
The 25 selected studies varied widely regarding their country of
origin and their publication year [from 1996 to 2016], as well as
the number of patients enrolled [between 25 and 240] and their
age [seven®?2% gstudied paediatric populations; 16 included only
adults; two?** included both children and adults]. Regarding the
IBD type, four studies?**'-33 included patients with CD, one® stud-
ied patients with UC, 18 evaluated CD and UC patients (among
which five?$28:303435 also considered indeterminate colitis [IC]), and
two’¥7 did not specify the IBD type. However, the impact of IBD
type in the results could not be assessed, as only three studies®>3*
had the results stratified by this criterion. Moreover, selected stud-
ies also varied widely regarding disease severity definition. Indeed,
four different classification systems were used for patients with CD
(Harvey-Bradshaw Activity Index [HBI], Crohn’s Disease Activity
Index [CDAI], Paediatric Crohn’s Disease Activity Index [PCDAI]
,and Inflammatory Bowel Disease Questionnaire [IBDQ]), and for
UC this number was even higher. Also, three?*** studies used a clin-
ical remission definition based on the clinicians’ global assessment.
According to the literature,*” 6-TGN concentration in eryth-
rocytes is related to the extent of incorporation of this nucleotide
in peripheral blood leukocyte DNA, being a surrogate marker for
the assessment of thiopurine therapy. Multiple per-patient measure-
ments of 6-TGN levels were performed in nine studies,?!-25-28,30,32,36,37
whereas in 16 studies only one determination per patient was car-
ried out. These determinations were made by high-performance lig-
uid chromatographic [HPLC] assays except in the studies carried
out by Gonzalez-Lama et al. [2011]*" and Kim et al. [2014],° where
liquid chromatography-mass spectrometry [LC-MS] was applied.
Concerning HPLC assays, 132126:31.3436.384243 of the 25 studies fol-
lowed the procedures described by Lennard and Singleton [1992],*
five?728:3032.33 followed the methodology published by Dervieux and
Boulieu [1998],% and two followed the procedures described by
Erdmann et al. [1990].% Two?*? studies failed to mention the deter-
mination methodology. In order to compare the data obtained from
different methodologies and following a previously recommended
strategy,*”*® the Lennard assay was used as ‘standard” and the con-
version factor of 1.6 was applied to the results obtained*-*° using the
Erdmann method, whereas a conversion factor of 2.6 was applied to
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» 141 were not observational studies or controlled trials

» 115 did not measure 6-TGN levels

* 19 did not have 6-TGN mean values and cut-offs

* 2 had 6-TGN levels expressed in different units
+ 1 had endoscopic definition of remission
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8
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=
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—
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Records screened by title and
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1034 studies excluded:
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w
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5 were guidelines
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—
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= 36 full-text articles excluded
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= » 8 outcome not of interest
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* 1 was not accessible
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« 3 did not define 6-TGN cut-offs
g * 14 did not have 6-TGN mean values
E
(9}
£
—

| Studies included in the 6-TGN cut-off analysis (n = 22)
"| Studies included in the evaluation of the 6-TGN mean-differences (n = 11)

Figure 1. Flow diagram concerning article selection and data collection process.

the results obtained using the Dervieux and Boulieu method. These
three methodologies determine 6-TGN levels following monophos-
phate, diphosphate, and triphosphate hydrolysis and are based on
HPLC coupled with MS or UV detection. Even though the results
vary according to the assay, due to the extent of hydrolysis, it was
been demonstrated that there is a high degree of correlation among
methodologies.'**

There was considerable variability concerning the definition of
6-TGN threshold levels: 200 pmol/8 x 10® red blood cells [RBC],
225 pmol/8 x 10* RBC, 230 pmol/8 x 10® RBC, 235 pmol/8 x 10°
RBC, 250 pmol/8 x 10® RBC, and 260 pmol/8 x 10® RBC were the

thresholds considered in one,* one,*® three,’’*# 10,2526:29,32,34-37,39,50

nine’23,24,27,28,3 1,34,38,42,49

and two**! studies, respectively. Four3!343541
of the 22 studies used for 6-TGN cut-offs comparison considered
two threshold values. In these cases, the lowest threshold value was
used in the pooled results, whereas both cut-offs were considered in
the per-’6-TGN level” analysis.

The computation and analysis of a forest plot revealed a consid-
erable amount of variability between studies, even though the funnel
plot does not suggest the existence of substantial publication bias.

The results of the methodological assessment are presented in
the last column of Table 1 and are expressed as the percentages of
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8 ¥ 2 the maximum possible score obtained for each included study, con-
=g < @ ) g E S sidering the 14 criteria of the quality assessment tool [QATSDD].
8 § R N = o % *ES Studies’ scores ranged from 52.38% (Wusk et al. [2004])*] to

=5 Y & E 5 90.48% (Gonzalez-Lama et al., [2011°"]), yielding an average qual-
R=} 8 g) 2 x ity score for all papers of 71.43 = 9.39%. The studies w1tb lower
= S <9 S g k| g 3 E methodological quality scores were those where IBD severity was
5§ s AV = %:; — 2 = DE z defined through global assessment and where the assay used for
£ 2 25 ::V :0 2\/ f:: _ g 3 6-TGN measurements was not stated. Almost all evaluated studies
g £ 2R 85 5 3 8 B 2 aﬁ had the maximum possible score for the parameters: ‘explicit theo-
h o= 'é 3 .“? retical framework’, ‘statement of aims/objectives’, ‘clear description
© § g Q:» i of research setting’, and ‘description of procedure for data collec-
2 3 = gﬁ %é jg tion’, whereas the lowest scores were found for criteria: ‘evidence
% % M :‘} :T 2 of sample size considered in terms of analysis’ and ‘evidence of user
= a & £ % % involvement in design’.
2 ’ . L
- - ;‘* ;: £ 3.3. Cut-offs of 6-TGN and clinical remission
Es Sg % E = § A pooled analysis of the 22 studies [including the different
E - © Iy et ; 2 thresholds ranging 200-260 pmol/8 x 10-8 RB.C] rt?v‘f:aled that
AN = 2 o =2 g 63.04% [95% CI, 56.32-69.88] of the patients in clinical remis-
é é § § _\.f? E = sion [7 = 1791] had 6-TGN levels above the considered cut-offs,
6 |2 | ) “° % == a situation shared with 37.65% [95% CI, 30.67-44.63] of the
2 ; E 8 patients with active disease [# = 1344]. Overall, patients with
o‘g 7 £ é :é s 6-TGN levels above the predefined thresholds were nearly four
= ‘Fi é —‘i E mg times more likely to be in clinical remission [OR = 3.-95,-9.5% CI,
e | T —“é £ é 3 2.63-5.94; p < 0.001] [Figure 2]. When considered individually,
é gl 2 2 ‘ﬁ 5 E g ['_E statistical significance was reached in 152425:28-31:33-3942.50 of the
= y y y ;: E %’ g 22 studies. ' . . . . o
- - E = & = g E § 2 The studies considered in this analysis had a significant
—% > g N:é g i;j é g i:-: :; % e‘ < d'egr.ee of heterogeneity [p < 0.001; I> = 79%]. As Slle.l, sen-
S SesTaslE2cR z ol = sitivity analyses were performed. However, the exclusion of
8 ; é 2 & each study individually has neither eliminated the heterogene-
= g g = g ‘255 ity nor changed considerably the pooled OR. Subgroup analyses
Z. % g= Y %; © g TESR were then performed to further explore this issue. Considering
IL—? S g = E E” é;’ E E g:/ that the number of subgroups must be reduced to avoid spuri-
o 1= & = e 5» %E @ ous statistical findings, the following comparisons were made:
] - % E g§ i] studies enrolling adults vs. those with paediatric cohorts
g8 _ - > g £82% [p = 0.130; I = 55%]; ii] single vs. multiple 6-TGN measure-
g § '% < é <A § :" § St 5 {0z ments [p = 0.198; I = 34%]; iii] the three most used method-
g85 2a N E N £ e ologies for 6-TGN determination [p = 0.170; I = 43%]; iv]

s © ‘E '% duration of treatment [p = 0.760; 1> = 0%]; v] continent of
9 a0 BN origin [p = 0.440; I? = 0%]; and vi] tools used for the defini-
% oD gg=Tz . . Lo .

2 A A A 2 52 tion of IBD severity. A significant degree of heterogeneity was
A RS © % § £ E found to be associated with the tools used for disease severity
P 2782 classification for UC [p < 0.001; I> = 83.5%], but not for CD
- g 9 £ & ;‘:{:’ é r% k- [p = 0.211; I = 34%] [Supplementary Figures 2 and 3, avail-
Ag g § E § 5 _;» E E able as Supplementary data at ECCO-JCC online]. N(?ne of the
_a 2 -q?é g, _*3 g *_3 e i ‘Z = other comparisons revealed a considerable heterogeneity degree
2 - & 3% R 2 Lu); £3¢ [Supplementary Figures 4 and 5, available as Supplementary
E IETH data at ECCO-JCC online].
& § L g = 5 = .@ Studies were stratified into six groups according to their cut-offs,
k¢ ? § § = p= g i and the OR for remission was separately computed for each of these
'§ § ? ? B E: % :E groups [Figure 3]. Two threshold values were used in a single study:
& & & gg gzl 200 pmol/8 x 10° RBC* and 225 pmol/8 x 10° RBC,* and their ORs

fy 8 2 8 for remission were 26.42 [95% CI, 12.79-54.51] and 5.30 [95%
g g « « £ & ’:9 5 CI, 1.7-16.3], respectively. The pooled ORs for remission were: 2.12
E S £ £ EE0 = [95% CI, 0.41-10.88; p = 0.370] for a cut-off of 230 pmol/8 x 108
© © © £EEC RBC [Figure 3AJ; 2.66 [95% CI, 1.94-3.66; p < 0.001] for a cut-off

> K S E8E of 235 pmol/8 x 10 RBC [Figure 3B]; 4.71 [95% CI, 2.31-9.62;
E < o Z _g & = p < 0.001] for a cut-off of 250 pmol/8 x 10% RBC [Figure 3CJ; and
9 =z S o = QT =
-§‘ £ g S o 'gb < S 2 5 z 1.39[95% CI,0.20-9.55; p = 0.740] for a cut-off of 260 pmol/8 x 10*
& MR £ g8 2 RBC [Figure 3D].

Table 1. Continued
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Remission Active Disease Odds Ratio Odds Ratio

Study or Subgroup Events Total Events  Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Cuffari et al., 1996 10 20 1 N 2.0% 4.00[0.38,42.37] 1996
Dubinsky et al., 2000 69 103 20 70 5.6% 5.07 [2.62,9.83] 2000
Cuffari et al., 2000 32 42 9 40 4.6% 11.02 [3.95,30.78] 2000 e
Belaiche et al., 2001 6 8 2 8 2.2% 9.00 [0.94, 86.52] 2001 L —
Lowry et al., 2001 20 114 10 56 51% 0.98 [0.42,2.26] 2001 —_—r
Gupta et al., 2001 37 73 32 87 5.6% 1.7710.94, 3.33] 2001 —
Cuffari et al., 2001 31 45 N 37 4.3% 14.17 [4.56,44.06] 2001 s —
Achkar et al., 2004 19 24 8 36 4.0% 13.30 [3.77,46.89] 2004 I
Wusk et al., 2004 67 83 44 75 5.4% 2.95 [1.45, 6.02] 2004 —_—
Goldenberg et al., 2004 7 15 22 59 4.3% 1.47[0.47,4.62] 2004 —_—t
Roblin et al., 2005 77 90 6 26 4.5% 19.74 [6.67, 58.44] 2005 —_—
Ooi et al., 2007 58 158 32 168 5.9% 2.46 [1.49,4.08] 2007 —
Andoh et al., 2008 38 42 18 41 4.2% 12.14 [3.65,40.33] 2008 e —
Kwan et al., 2008 10 16 6 18 3.7% 3.33[0.81,13.64] 2008 B I a—
Waljee et al., 2010 94 216 55179 6.1% 1.74 [1.15,2.63] 2010 —
Gonzalez-Lama et al., 2011 49 86 8 11 3.7% 0.50[0.12,2.00] 2011 e
Gilissen et al., 2012 35 59 15 41 52% 2.53 [1.11, 5.74] 2012 _—
Smith et al., 2013 218 260 11 67  5.4%  26.42[12.79,54.61] 2013 —
Nguyen et al., 2013b 24 57 5 21 4.3% 2.33[0.75,7.23] 2013 E
Nguyen et al., 2013a 145 173 182 267  6.0% 2.42 [1.50,3.91] 2013 —
Fangbin et al., 2016 39 47 11 23 4.4% 5.32[1.74,16.25] 2016 s —
Liu et al., 2016 44 60 4 9 3.6% 3.44[0.82, 14.42] 2016 +—
Total (95% CI) 1791 1344 100.0% 3.95 [2.63, 5.94] <
Total events 1129 506

Heterogeneity: Tau? = 0.66; Chi* = 99.69, df = 21 (P < 0.00001); I> = 79%
Test for overall effect: Z = 6.62 (P < 0.00001)

0.01 0.1 1
6-TGN<cut-off 6-TGN>cut—off

—
(=}

100

Figure 2. Forest plot representing the odds ratio [OR] for clinical remission associated with 6-thioguanine [6-TGN] levels over a predefined cut-off [global

analysis].

3.4. Differences in 6-TGN levels between patients in
remission and active disease

Figure 4 depicts the analysis of the mean differences reported
for the 6-TGN levels between patients in clinical remission and
patients with active disease. This information was extracted from
eight?%:32:35,36.39:4349,50 g rticles used for cut-off analysis and from three
studies®?!2? that were solely used in this section. A statistical assess-
ment revealed significant heterogeneity among the 11 considered
studies [p < 0.001; I> = 92%], which could not be eliminated through
an individual exclusion approach [sensitivity analysis]. Overall, the
mean 6-TGN levels were higher among patients in remission than
in those with active disease, with a pooled difference of 63.37
pmol/8 x 10 RBC [95% CI, 31.81-94.93; p < 0.001] [Figure 4].

4. Discussion

Thiopurines are widely used as immunosuppressive drugs in the
treatment of IBD, and their efficacy has been demonstrated in a
broad range of clinical presentations.”> However, a few questions
remain unanswered concerning intolerance, loss of therapeutic
action, and adverse effects, and these missing links may preclude
further drug administration or may even be life-threatening.’® An
association between 6-TGN and clinical remission was described for
the first time by Cuffari et al. [1996],> who reported a significant
inverse relationship between disease activity and nucleotide levels.
And in fact, further studies have consistently related thiopurines’
clinical efficacy with serum 6-TGN levels of 235-450 pmol/8 x 108
RBC.» Notwithstanding, and despite the theoretical pertinence of
monitoring thiopurine metabolites for therapy optimisation, thiopu-
rine measurement is not recommended by the main guidelines for
IBD management, and therefore only a small number of IBD gas-
troenterologists do it as part of their daily practice.”’ Moreover, the
existence of a 6-TGN cut-off level clearly and consistently linked
with a clinical outcome remains controversial, given the marked

inter- and intra-individual variability of 6-TGN levels. As far as the
authors know, this is the first meta-analysis that considers differ-
ent thresholds of 6-TGN that have been reported in the literature
[200, 225, 230, 235, 250 and 260 pmol/8 x 10* RBC]. This analysis
aimed to overcome the lack of evidence for recommending a specific
6-TGN cut-off as a marker of clinical remission.’*

The global analysis concerning the association between 6-TGN
levels and patient clinical status unveiled that those patients with
6-TGN levels above the different cut-off levels were 3.95 times more
likely [95% CI, 2.63-5.94] to achieve clinical remission. This value
is similar to others obtained previously: a meta-analysis published
in 2006,* including six studies and 437 patients, described an OR
for remission of 3.27 [95% CI, 1.71-6.27], and a more recent study
from 2014, including 17 studies and 2049 patients, reported an
OR of 3.15 [95% CI, 2.41-4.11].

When considering the different thresholds separately, the highest
pooled OR was found for the threshold of 250 pmol/8 x 10® RBC,
with a value of 4.71 [95% CI, 2.31-9.62; p < 0.001]; followed by
that obtained for the cut-off of 235 pmol/8 x 10® RBC [OR = 2.66,
95% CI, 1.94-3.66; P < 0.001]. The ORs polled for 6-TGN levels
above 230 and 260 pmol/8 x 10® RBC were lower and not statisti-
cally significant [p > 0.05].

Even so, it must be noted that 36.96 = 17.95% of the patients
who achieved remission in our study cohort did not have 6-TGN
values above the considered thresholds, suggesting that other fac-
tors besides these metabolite levels play a role in the response to MP
and AZA. Indeed, and even though 6-TGN monitoring provides an
insight on thiopurine metabolism, factors like age, gender, disease
duration and severity, comorbidities, and concomitant medication
have been reported to play a role in these drugs’ efficacy.’ In addi-
tion, preliminary reports suggest that there are other parameters that
may be more reliable in the prediction of therapeutic efficacy, like the
6-MMPR:6-TGN ratio.’® More recently, emphasis has been laid on
the relevance of monitoring the pharmacodynamics of thiopurines
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A
Remission Active Disease Odds Ratio Odds Ratio
Study or Subgroup Events Total Events  Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Belaiche et al., 2001 6 8 2 8 25.8% 9.00 [0.94, 86.52] 2001 =
Kwan et al., 2008 10 16 6 18 37.0% 3.33[0.81,13.64] 2008 T
Gonzalez-Lama et al., 2011 49 86 8 11 372% 0.50[0.12,2.00] 2011 —
Total (95% CI) 110 37 100.0%  2.12[0.41,10.88] ?
Total events s ) 65 16 R
Heterogeneity: Tau® = 1.37; Chi® = 5.96,df =2 (P = 0.05); I = 66% I t t t 1
Test fo;gover:ll effect: Z = 0.90 (P = 0.37) ( ) 0.01 0.1 1 10 100
6-TGN<230 6-TGN>230
B Remission Active Disease Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI _ Year M-H, Random, 95% CI
Dubinsky et al., 2000 69 103 20 70 11.8% 5.07 [2.62,9.83] 2000 —
Gupta et al., 2001 3773 32 87  12.4% 1.77[0.94,3.33] 2001 —
Goldenberg et al., 2004 715 22 59 5.9% 1.47 [0.47,4.62] 2004 —_—
Achkar et al., 2004 19 24 8 36 5.1% 13.30 [3.77,46.89] 2004 E—
Wausk et al., 2004 67 83 44 75 10.9% 2.95 [1.45,6.02] 2004 —_—
Ooi et al., 2007 58 158 32 168  151% 2.46 [1.49,4.08] 2007 —
Andoh et al., 2008 28 42 18 41 8.4% 12.14 [3.65,40.33] 2008 —
Waljee et al., 2010 94 216 55 179 17.1% 1.74 [1.15,2.63] 2010 ——
Gilissen et al., 2012 35 59 15 41 93% 2.53[1.11,5.74] 2012 —_—
Liu et al., 2016 44 60 4 9 41% 3.441(0.82, 14.42] 2016 .
Total (95% CI) 833 765 100.0% 2.66 [1.94, 3.66] <&
Total events 458 250
Heterogeneity: TauZ = 0.66; ChiZ = 99.69, df = 21 (P < 0.00001); 1% = 79% } " " y
Test for overall effect: Z = 6.62 (P < 0.00001) 0.01 0.1 1 10 100
6-TGN<235 6-TGN>235
C Remission Active Disease Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI  Year M-H, Random, 95% CI
Cuffari et al., 1996 10 20 1 N 5.9% 4.00 [0.38,42.37] 1996
Cuffari et al., 2000 32 42 9 40 12.3% 11.02 [3.95,30.78] 2000 —
Belaiche et al., 2001 5 6 1 6 4.1% 25.00 [1.20,520.73] 2001 >
Cuffari et al., 2001 31 45 N 37 11.7% 14.17 [4.56,44.06] 2001 I —
Lowry et al., 2001 20 114 10 56 13.5% 0.98 [0.42,2.26] 2001 —_—
Roblin et al., 2005 77 90 6 26 12.0% 19.74 [6.67, 58.44] 2005 e
Gilissen et al., 2012 32 59 12 41 13.4% 2.86 [1.23,6.67] 2012 I —
Nguyen et al., 2013a 145 173 182 267 15.4% 2.42[1.50,3.91] 2013 —
Nguyen et al., 2013b 24 57 N 21 11.7% 2.33[0.75,7.23] 2013 T
Total (95% CI) 606 499 100.0% 4.71 [2.31,9.62] -
Total events 376 231
tye 2 _ . 2 _ 12 _ 7609 k t + 1
Heterogeneity: Tau” = 0.80; Chi* = 33.91, df = 8 (P < 0.0001); [* = 76 % 0.01 01 1 10 100
Test for overall effect: Z = 4.26 (P < 0.0001) 6-TGN<250 6-TGN>250
D
Remission Active Disease Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI _ Year M-H, Random, 95% CI
Achkar et al., 2004 16 24 13 36 52.6% 3.54(1.19,10.50] 2004 —a—
Gonzilez-Lama et al., 2011 49 86 8 11 47.4% 0.50[0.12,2.00] 2011 ——
Total (95% CI) 110 47 100.0% 1.39 [0.20, 9.55]
Total events 65 21
itve 2 _ . 2 _ — — L12 = o, ; + t + |
Heterogeneity: Tau” = 1.53; Chi= = 4.75,df =1 (P = 0.03); I = 79% 0.01 01 1 1 100

Test for overall effect: Z = 0.34 (P = 0.74)

6-TGN<260 6-TGN>260

Figure 3. Forest plots representing the odds ratio[OR] for clinical remission associated with6-thioguanine [ 6-TGN] levels over different threshold values: a] 230;

b] 235; c¢] 250 and d] 260 pmol/8 x 102 RBC.

directly in leukocytes through the determination of Rac1-GTP and

other downstream molecular mediators.

The analysis of the difference between means has shown that
6-TGN levels of patients in clinical remission are significantly
higher than those observed in patients with active disease, with
a mean pooled difference of 63.37 pmol/8 x 10® RBC [95% CI,

57

31.81-94.93; p < 0.001]. This value is consistent with the one

obtained by Osterman et al. [2006],*® who reported a pooled differ-

ence of 66 pmol/8 x 10®* RBC when considering mean and median
6-TGN concentrations from eight studies published between 2000
and 2004. At this point it is important to highlight that we have
chosen to include only mean values that were explicitly provided by
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100 105% 109,9 102

Achkar et al., 2004
p=0.003; RA =24/29
50 Goldenberg et al., 2004
Andoh et al., 2008 p-value not stated ; RA = 15/59
s
p <0.05;RA =45/38

17,2

Mean difference (IV, Random, 95% CI)

-100

250
200
. Hanai et al., 2010
Cuffari et al., 2004 $<0.001; RA = 151/19
150 P <0.02;RA = 66/35

Qoi et al., 2007
p =0.004 ; RA = 194/146
49,00
36,9 33,6 37,124

Kim et al., 2014
p=0.73; RA = 85/24 o -28

Pooled mean difference

63.37 pmol/8x10°RBC

95% CI, 31.81-94.93
p<0.001

Liu et al., 2016
p =0.040 ; RA = 60/9

Kwan et al., 2008
p=0.37;RA=17/22

Wausk et al., 2004

Lowry et al., 2001 p-value not stated ; RA = 83/75

p>0.05;RA =114/56

Figure 4. Mean differences between 6-thioguanine [6-TGN] levels in patients in clinical remission and patients with active disease across different published

studies. RA, number of patients in remission/patients with active disease].

the authors in their studies, and made no estimation for those that
reported only the median or range, in order to avoid possible inter-
ferences. Interestingly, two of the studies?®* found that the 6-TGN
levels were actually higher in patients with active disease when com-
pared with those in clinical remission. Even though those results did
not differ statistically [95% CI includes zero], this inverted pattern
may be due to the use of cohorts with particularly severe disease con-
ditions—in which a higher serum concentration would be the result
of a higher dosage motivated by the severity of the symptoms, or in
which the time spent from the beginning of the medication to the
study assessment was not long enough to allow the positive effects
of medication to take place.

The studies used to compute ORs for clinical remission and
6-TGN mean values were significantly heterogeneous, and this heter-
ogeneity could not be eliminated through sensitivity analysis. A sub-
group analysis was carried out to further explore this issue, and no
observable subgroup effect was found regarding the variables: pae-
diatric/adult population; methodology used for dosing the 6-TGN;
or the use of single/multiple 6-TGN measurements. This last point is
particularly important, as according to a prospective cohort study,*®
patients on a stable AZA dose may present variable levels of 6-TGN
over time, bringing into question the value of a single measurement.
Interestingly, and opposite to our results, a previous meta-analysis
on the same topic reported that heterogeneity between studies could
be assigned to differences in the analytical methodologies used for
6-TGN measurements. This discrepancy with our results may be due
to differences in the studies included. Indeed, and when compared
twiththe report published in 2014, there are 10 additional studies
included in ours, using five different procedures for the quantifica-
tion of nucleotide levels [four using HPLC and one with LC-MS],
whereas in the former only three methodologies were compared.

The therapeutic effects of thiopurines are reported to take place
between 12 to 17 weeks after their initiation.!” The delayed onset
of action may be due to the existence of a certain latency between
treatment initiation and thiopurine-induced apoptosis, as well as to
the fact that T cells whose cycle is already arrested are still able to
have effector cell function, further enhancing a pro-inflammatory
environment.> Even so, no significant subgroup effect regarding
the minimal time [below or above 3 months| between treatment ini-
tiation and 6-TGN determination was unveiled in the present study.
Moreover, and even though the activity of the enzymes involved in

thiopurine metabolism is known to vary among ethnic groups,®
no significant heterogeneity was found between studies enrolling
patients from different continents [America, Asia, or Europe]. This
is in agreement with what has been previously reported by other
authors.!#60

On the other hand, heterogeneity between studies may be associ-
ated with differences in the tools used for disease severity definition in
the case of UC, for which the diversity of classification systems used
was higher than for CD. Indeed, upon splitting data into subgroups
according to the classification criteria, a quantitative interaction—with
constant direction but a variable size of the effect—was observed. This
finding corroborates the pertinence of developing a validated and prag-
matic severity classification to guide current therapeutic strategies for
IBD, as recently highlighted by Peyrin-Biroulet et al. [2016].5!

This study has a few methodological limitations that should
be taken into consideration. First, it is important to consider that
clinicians may be more prone to order 6-TGN testing in patients
whom disease remains active despite the pharmacological treatment.
Accordingly, the proportion of non-responders in this meta-analysis
[74% of the 3292 patients] is clearly higher than that observed in
clinical practice and in clinical trials.®*> Second, and due to the limited
availability of data from the included studies, the results of patients
with CD and UC were pooled together. The analysis of the impact
of the type of disease could have been important—in fact, Fangbin
et al. [2016]* reported that 6-TGN levels correlated well with clini-
cal responsiveness in CD patients but not in UC patients. Third, some
parameters whose assessment was out of the scope of this review
may have had an unpredictable effect on clinical outcomes. Among
these, one should highlight different treatment regimens and dura-
tions, disease-related factors, and genetic polymorphisms. Fourth,
the variability in design and methodology of the included studies and
the lack of randomisation and blinding may have influenced study
outcomes and conclusions. Also, most of the included studies were
prospective, and the existence of bias related to losses to follow-up
cannot be disregarded. Finally, the clinical outcome definition was
heterogeneous among studies. As to avoiding the variability inherent
in clinical assessment scales, the use of endoscopic and/or objective
biomarkers would have been preferable and should be considered in
future studies. Also, the utility of measuring 6-TGN concentrations
in the setting of combination with biological agent therapy remains
poorly understood."?
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Currently, therapeutic drug monitoring is almost reserved for
particular cases, namely in patients who fail to respond to standard
thiopurine doses or when patient non-compliance or toxicity is sus-
pected.’>%¢ The results obtained in this meta-analysis reinforce that
6-TGN levels are related to clinical remission, and provide an insight
regarding the cut-offs that may be used to guide clinical decision
making.

Funding

This work was supported by the Portuguese Group of Studies of Inflammatory
Bowel Disease (GEDII).

Conflict of Interest

FM served as speaker and received honoraria from Merck Sharp & Dohme,
Abbvie, Vifor, Falk, Laboratorios Vitoria, Ferring, Hospira, and Biogen. The
other authors have no conflict of interest to disclose.

Acknowledgments

The authors acknowledge Catarina L. Santos for medical writing assistance.

Author Contributions

MME and JA were involved in acquisition, analysis, and interpretation of data
and drafting of the manuscript; IR, PL, ET and LC helped with data interpre-
tation and manuscript drafting; CC coordinated the statistical analysis; and
FM was involved in study concept and design, data interpretation, and manu-
script drafting. All authors read and approved the final manuscript.

Supplementary Data
Supplementary data are available at ECCO-JCC online.

References

1. Dixon L], Kabi A, Nickerson KP, McDonald C. Combinatorial effects of
diet and genetics on inflammatory bowel disease pathogenesis. Inflamm
Bowel Dis 2015;21:912-22.

2. Park SJ, Kim WH, Cheon JH. Clinical characteristics and treatment of
inflammatory bowel disease: a comparison of Eastern and Western per-
spectives. World | Gastroenterol 2014;20:11525-37.

3. Marinkovi¢ G, Hamers AA, de Vries CJ, de Waard V. 6-Mercaptopurine
reduces macrophage activation and gut epithelium proliferation through
inhibition of GTPase Rac1. Inflamm Bowel Dis 2014;20:1487-95.

4. Markus N. Thiopurines in IBD: what is their mechanism of action?
Gastroenterol Hepatol 2010; 6:435-6.

5. Atreya I, Diall A, Dvorsky R, et al. Designer thiopurine-analogues for
optimised immunosuppression in inflammatory bowel diseases. | Crobns
Colitis 2016;10:1132-43.

6. Coskun M, Steenholdt C, de Boer NK, Nielsen OH. Pharmacology and
optimization of thiopurines and methotrexate in inflammatory bowel dis-
ease. Clin Pharmacokinet 2016;55:257-74.

7. Sharara AL. When to start inmunomodulators in inflammatory bowel dis-
ease? Dig Dis 2016;34:125-31.

8. Kim MJ, Lee SY, Choe YH. Monitoring thiopurine metabolites in Korean
pediatric patients with inflammatory bowel disease. Yonsei Med ]
2014;55:1289-96.

9. Goldberg R, Moore G, Cunningham G, et al. Thiopurine metabolite testing
in inflammatory bowel disease. | Gastroenterol Hepatol 2016;31:553-60.

10. Goel RM, Blaker P, Mentzer A, Fong SC, Marinaki AM, Sanderson JD.
Optimizing the use of thiopurines in inflammatory bowel disease. Ther
Adv Chronic Dis 2015;6:138-46.

11. Alaish R, Lundgren D, Suhr OB, Werner M, Karling P. Safety of azathio-
prine and 6-mercaptopurine in patients with inflammatory bowel disease
naive to thiopurine treatment. Int | Clin Pharmacol Ther 2017;594-600.

12. Mosli MH, Sandborn WJ, Kim RB, Khanna R, Al-Judaibi B, Feagan BG.
Toward a personalized medicine approach to the management of inflam-
matory bowel disease. Am | Gastroenterol 2014;109:994-1004.

13. Bouguen G, Sninsky C, Tang KL, et al. Change in erythrocyte mean cor-
puscular volume during combination therapy with azathioprine and inflix-
imab is associated with mucosal healing: a post hoc analysis from SONIC.
Inflamm Bowel Dis 2015;21:606-14.

14. Moreau AC, Paul S, Del Tedesco E, et al. Association between 6-thiogua-
nine nucleotides levels and clinical remission in inflammatory disease: a
meta-analysis. Inflamm Bowel Dis 2014;20:464-71.

15. Terdiman JP, Gruss CB, Heidelbaugh JJ, Sultan S, Falck-Ytter YT; AGA
Institute Clinical Practice and Quality Management Committee. American
Gastroenterological Association Institute guideline on the use of thio-
purines, methotrexate, and anti-TNF-a biologic drugs for the induc-
tion and maintenance of remission in inflammatory Crohn’s disease.
Gastroenterology 2013;145:1459-63.

16. Magro F, Gionchetti P, Eliakim R, et al.; European Crohn’s and Colitis
Organisation [ECCO]. Third European evidence-based consensus on
diagnosis and management of ulcerative colitis. Part 1: definitions,
diagnosis, extra-intestinal manifestations, pregnancy, cancer surveil-
lance, surgery, and ileo-anal pouch disorders. | Crobns Colitis 2017,
11:649-70.

17. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
statement. BMJ 2009;339:b2535.

18. Higgins JPT, Green S, editors. Cochrane Handbook for Systematic Reviews
of Interventions Version 5.1.0 [updated March 2011]. The Cochrane
Collaboration, 2011. http://handbook.cochrane.org. Accessed March 10,
2017.

19. Sirriyeh R, Lawton R, Gardner P, Armitage G. Reviewing studies with
diverse designs: the development and evaluation of a new tool. | Eval Clin
Pract 2012;18:746-52.

20. DerSimonian R, Laird N. Meta-analysis in clinical trials revisited.
Contemp Clin Trials 2015;45:139-45.

21. Cuffari C, Dassopoulos T, Turnbough L, Thompson RE, Bayless TM.
Thiopurine methyltransferase activity influences clinical response to aza-
thioprine in inflammatory bowel disease. Clin Gastroenterol Hepatol
2004;2:410-7.

22. Hanai H, lida T, Takeuchi K, et al. Thiopurine maintenance therapy for
ulcerative colitis: the clinical significance of monitoring 6-thioguanine
nucleotide. Inflamm Bowel Dis 2010;16:1376-81.

23. Cuffari C, Théorét Y, Latour S, Seidman G. 6-Mercaptopurine metabo-
lism in Crohn’s disease: correlation with efficacy and toxicity. Gut
1996;39:401-6.

24, Cuffari C, Hunt S, Bayless TM. Enhanced bioavailability of azathio-
prine compared to 6-mercaptopurine therapy in inflammatory bowel
disease: correlation with treatment efficacy. Aliment Pharmacol Ther
2000;14:1009-14.

25. Dubinsky MC, Lamothe S, Yang HY, et al. Pharmacogenomics and metab-
olite measurement for 6-mercaptopurine therapy in inflammatory bowel
disease. Gastroenterology 2000;118:705-13.

26. Gupta P, Gokhale R, Kirschner BS. 6-Mercaptopurine metabolite levels in
children with inflammatory bowel disease. | Pediatr Gastroenterol Nutr
2001;33:450-4.

27. Nguyen TV, Nguyen TM, Lachaux A, Boulieu R. Usefulness of thiopurine
metabolites in predicting azathioprine resistance in pediatric IBD patients.
J Clin Pharmacol 2013;53:900-8.

28. Nguyen TV, Vu DH, Nguyen TM, Lachaux A, Boulieu R. Exploring
associations of 6-thioguanine nucleotide levels and other predic-
tive factors with therapeutic response to azathioprine in pediat-
ric patients with IBD using multilevel analysis. Inflammm Bowel Dis
2013;19:2404-10.

29. Wusk B, Kullak-Ublick GA, Rammert C, von Eckardstein A, Fried
M, Rentsch KM. Therapeutic drug monitoring of thiopurine drugs in

20z Iudy g} U0 1senB AQ 89G06E/L8EL/L /1 L/2I0ILE/0[-0098/W0o"dNO"dlWSPESE//:SANY WO} PAPEOIUMOQ


http://handbook.cochrane.org

1392

M. M. Estevinho et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

patients with inflammatory bowel disease or autoimmune hepatitis. Eur |
Gastroenterol Hepatol 2004;16:1407-13.

Smith M, Blaker P, Patel C, et al. The impact of introducing thioguanine
nucleotide monitoring into an inflammatory bowel disease clinic. Int |
Clin Pract 2013;67:161-9.

Belaiche J, Desager JP, Horsmans Y, Louis E. Therapeutic drug monitor-
ing of azathioprine and 6-mercaptopurine metabolites in Crohn disease.
Scand | Gastroenterol 2001;36:71-6.

Liu Q, Wang Y, Mei Q, Han W, Hu J, Hu N. Measurement of red blood cell
6-thioguanine nucleotide is beneficial in azathioprine maintenance therapy
of Chinese Crohn’s disease patients. Scand | Gastroenterol 2016;51:1093-9.
Fangbin Z, Xiang G, Liang D, et al. Prospective evaluation of pharma-
cogenomics and metabolite measurements upon azathioprine therapy in
inflammatory bowel disease: an observational study. Medicine [Baltimore]
2016;95:e3326.

Gilissen LP, Wong DR, Engels LG, et al. Therapeutic drug monitoring of
thiopurine metabolites in adult thiopurine tolerant IBD patients on main-
tenance therapy. | Crobns Colitis 2012;6:698-707.

Achkar JP, Stevens T, Easley K, Brzezinski A, Seidner D, Lashner B.
Indicators of clinical response to treatment with six-mercaptopurine or
azathioprine in patients with inflammatory bowel disease. Inflamm Bowel
Dis 2004;10:339-45.

Ooi CY, Bohane TD, Lee D, Naidoo D, Day AS. Thiopurine metabolite
monitoring in paediatric inflammatory bowel disease. Aliment Pharmacol
Ther 2007;25:941-7.

Waljee AK, Joyce JC, Wang S, et al. Algorithms outperform metabolite
tests in predicting response of patients with inflammatory bowel disease to
thiopurines. Clin Gastroenterol Hepatol 2010;8:143-50.

Roblin X, Serre-Debeauvais F, Phelip JM, et al. 6-thioguanine monitoring
in steroid-dependent patients with inflammatory bowel diseases receiving
azathioprine. Aliment Pharmacol Ther 2005;21:829-39.

Andoh A, Tsujikawa T, Ban H, et al. Monitoring 6-thioguanine nucleotide
concentrations in Japanese patients with inflammatory bowel disease. |
Gastroenterol Hepatol 2008;23:1373-7.

Kirchherr H, Shipkova M, von Ahsen N. Improved method for therapeutic
drug monitoring of 6-thioguanine nucleotides and 6-methylmercaptopu-
rine in whole-blood by LC/MSMS using isotope-labeled internal stand-
ards. Ther Drug Monit 2013;35:313-21.

Gonzilez-Lama Y, Bermejo F, Lopez-Sanroman A, et al.; Grupo Espaiiol
de Trabajo en Enfermedad de Crohn y Colitis Ulcerosa [GETECCU].
Thiopurine methyl-transferase activity and azathioprine metabolite con-
centrations do not predict clinical outcome in thiopurine-treated inflam-
matory bowel disease patients. Aliment Pharmacol Ther 2011;34:544-54.
Cuffari C, Hunt S, Bayless T. Utilisation of erythrocyte 6-thioguanine
metabolite levels to optimise azathioprine therapy in patients with inflam-
matory bowel disease. Gut 2001;48:642-6.

Kwan LY, Devlin SM, Mirocha JM, Papadakis KA. Thiopurine methyl-
transferase activity combined with 6-thioguanine metabolite levels pre-
dicts clinical response to thiopurines in patients with inflammatory bowel
disease. Dig Liver Dis 2008;40:425-32.

Lennard L, Singleton HJ. High-performance liquid chromatographic assay
of the methyl and nucleotide metabolites of 6-mercaptopurine: quantita-
tion of red blood cell 6-thioguanine nucleotide, 6-thioinosinic acid and
6-methylmercaptopurine metabolites in a single sample. | Chromatogr
1992;583:83-90.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

Dervieux T, Boulieu R. Simultaneous determination of 6-thioguanine and
methyl 6-mercaptopurine nucleotides of azathioprine in red blood cells by
HPLC. Clin Chem 1998;44:551-5.

Erdmann GR, France LA, Bostrom BC, Canafax DM. A reversed phase
high performance liquid chromatography approach in determining total
red blood cell concentrations of 6-thioguanine, 6-mercaptopurine, methyl-
thioguanine, and methylmercaptopurine in a patient receiving thiopurine
therapy. Biomed Chromatogr 1990;4:47-51.

Shipkova M, Armstrong VW, Wieland E, Oellerich M. Differences in
nucleotide hydrolysis contribute to the differences between erythrocyte
6-thioguanine nucleotide concentrations determined by two widely used
methods. Clin Chem 2003;49:260-8.

Osterman MT, Kundu R, Lichtenstein GR, Lewis JD. Association of
6-thioguanine nucleotide levels and inflammatory bowel disease activity: a
meta-analysis. Gastroenterology 2006;130:1047-53.

Lowry PW, Franklin CL, Weaver AL, et al. Measurement of thiopurine
methyltransferase activity and azathioprine metabolites in patients with
inflammatory bowel disease. Gut 2001;49:665-70.

Goldenberg BA, Rawsthorne P, Bernstein CN. The utility of 6-thioguanine
metabolite levels in managing patients with inflammatory bowel disease.
Am | Gastroenterol 2004;99:1744-8.

Gonzilez-Lama Y, Gisbert JP. Monitoring thiopurine metabolites in
inflammatory bowel disease. Frontline Gastroenterology 2016; 7:301-7.
Rosen DJ, Dubinsky MC. The evolving role of thiopurines for inflamma-
tory bowel disease. Inflamm Bowel Dis 2016;22:234-40.

Wong DR, Coenen MJ, Derijks L], et al.; TOPIC Recruitment Team. Early
prediction of thiopurine-induced hepatotoxicity in inflammatory bowel
disease. Aliment Pharmacol Ther 2017;45:391-402.

Konidari A, Anagnostopoulos A, Bonnett L], Pirmohamed M, El-Matary
W. Thiopurine monitoring in children with inflammatory bowel disease: a
systematic review. Br | Clin Pharmacol 2014;78:467-76.

Warner B, Johnston E, Arenas-Hernandez M, Marinaki A, Irving P,
Sanderson J. A practical guide to thiopurine prescribing and monitoring in
IBD. Frontline Gastroenterology 2016;0:1-6.

Moon W, Loftus EV Jr. Review article: recent advances in pharmacoge-
netics and pharmacokinetics for safe and effective thiopurine therapy in
inflammatory bowel disease. Aliment Pharmacol Ther 2016;43:863-83.
Seinen ML, van Nieuw Amerongen GP, de Boer NK, van Bodegraven AA.
Rac attack: modulation of the small GTPase Rac in inflammatory bowel
disease and thiopurine therapy. Mol Diagn Ther 2016;20:551-7.

Wright S, Sanders DS, Lobo AJ, Lennard L. Clinical significance of aza-
thioprine active metabolite concentrations in inflammatory bowel disease.
Gut 2004;53:1123-8.

Atreya I, Neurath ME. Understanding the delayed onset of action of aza-
thioprine in IBD: are we there yet? Gut 2009;58:325-6.

Williet N, Roblin X. Trend towards dose reduction of azathioprine as
monotherapy in inflammatory bowel disease patients: what about for
combination therapy? Therap Adv Gastroenterol 2017;10:5-10.
Peyrin-Biroulet L, Panés J, Sandborn WJ, et al. Defining disease sever-
ity in inflammatory bowel diseases: current and future directions. Clin
Gastroenterol Hepatol 2016;14:348-54.¢17.

Colombel JF, Reinisch W, Mantzaris G]J, et al. Randomised clinical trial:
deep remission in biologic and immunomodulator naive patients with
Crohn’s disease—a SONIC post hoc analysis. Aliment Pharmacol Ther
2015;41:734-46.

20z Iudy g} U0 1senB AQ 89G06E/L8EL/L /1 L/2I0ILE/0[-0098/W0o"dNO"dlWSPESE//:SANY WO} PAPEOIUMOQ



