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General introduction and outline of the thesis
HUMAN IMMUNODEFICIENCY VIRUS

In 1983 the Human immunodeficiency virus (HIV) was discovered after the clinical ob-
servation in 1981 of a cluster of patients who were suffering from Prneumocystis jirovecii
(previously carinii) pneumonia. This rare opportunistic infection was only reported in
patients with a severely impaired immune system, but this cluster of patients did not have a
medical history of immune deficiency. In 2017, there were an estimated 36.9 million (31.1-
43.9 million) people living with HIV worldwide and in July 2018 21.7 million (19.1-22.6
million) of those people had access to antiretroviral therapy.’

The HIV is a single-stranded ribonucleic acid (RNA) virus, that specifically infects CD4"
T-helper lymphocytes, macrophages and dendritic cells by binding of glycoprotein 120, a
protein on its trimeric envelope complex, to the CD4-receptor and one of the co-receptors
CCR5 or CXCR4 on the target cell.”® After a series of steps, HIV glycoprotein 41 is inserted
into the host cellular membrane and then undergoes a significant conformational change,
forming a hairpin and bringing the membranes of the HIV and the host cell together, thereby
allowing them to fuse.® After the fusion process, the HIV capsid enters the cytoplasm of
the target cell, where it releases its content: the enzymes reverse transcriptase, integrase
and protease, some minor proteins, the major core protein and two single-stranded RNA
strands.’ Inside the cytoplasm, HIV uses its enzyme reverse transcriptase and the nucleotides
of the host to transform its single-stranded RNA into a double-stranded deoxyribonucleic
acid (DNA) molecule.® This DNA is transported to the nucleus of the host cell and via the
enzyme integrase incorporated into the DNA of the host.” The nucleotide metabolism of the
host further transcribes this incorporated DNA into new RNA strands, that, after transla-
tion of new essential HIV proteins, are assembled together with these proteins into a new
HIV virion that buds from the host membrane and is released from the host cell.” Finally,
the HIV enzyme protease completes the last step of the HIV cycle, maturing the virus to a
new infectious particle. The HIV-cycle is displayed in Figure 1.

If left untreated, HIV infection eventually leads to a depletion of CD4" T-lymphocytes. The
mechanism behind the slow decrease of CD4" T-lymphocytes is not completely understood,
but probably consists of a combination of factors. HIV is causing a direct cytotoxicity, lead-
ing to massive CD4" T-cell destruction, occurring in the early course of the infection. It
is thought that this massive destruction is followed by a regenerative response of CD4"
memory T-cells, preserving CD4" T-cell numbers and immune function. However, this ho-
meostatic balance eventually fails, due to factors such as infection and death of progenitor
cells," destruction of the secondary lymphoid tissues that support the homeostasis'' and
chronic inflammation. The chronic inflammation is also sustained by a combination of fac-

tors, like gastrointestinal mucosa loss (leading to microbial translocation),"” pyroptosis (a
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highly inflammatory form of programmed cell death like apoptosis, leading to the release of
the dying cells contents among which inflammatory cytokines)" and polyclonal activation
of B-cells" and pro-inflammatory cytokines."” Failing of the homeostasic balance between
CD4" T-cell destruction and regeneration, leads to a critical effector T-cell population
loss,'® resulting in the Acquired Immune Deficiency Syndrome (AIDS). AIDS is the last
stage of HIV-infection, defined by a CD4" T-cell count below 200 cells/mm’ or the presence
of an AIDS-defining illness, which are opportunistic infections or certain types of cancer,
and ultimately death. However, this lethal chain of events can be reversed by combination
antiretroviral therapy; cART. Antiretroviral therapy has become increasingly effective over
the last decades in inhibiting the replication of HIV and enabling the restoration of the im-
mune system. The drugs used in antiretroviral therapy for HIV can be categorized as CCR5
antagonists, fusion and entry inhibitors, non-nucleoside reverse transcriptase inhibitors
(NNRTTI), reverse transcriptase inhibitors that are nucleoside/nucleotide analogues (NRTI),
integrase inhibitors (INSTI) and protease inhibitors (PI), based on their target in the HIV
replication cycle (Figure 1). A cART regimen consists of a combination of drugs from dif-

72! the preferred initial treatment

ferent classes. According to all commonly used guidelines
for all cART naive patients consists of two NRTIs combined with either an NNRTI, a PI with
a pharmacoenhancer (also called a booster) or an integrase inhibitor. Very recent studies,
however, have shown equal effectiveness with combinations of 2 drugs instead of 3, and thus
22-24

the guidelines might be adapted on short notice.

After the introduction of cART, the life-expectancy of people living with HIV is now ap-
proaching the life-expectancy of the non-HIV infected general population in the Western
world.”” Additionally, cART significantly reduces new HIV transmissions to HIV-negative
sexual partners either by treatment of the HIV-positive partner (Treatment as prevention;
TASP)**? or by treating the HIV-negative partner prior to sexual intercourse (Pre-exposure
prophylaxis; PREP).*® Although these therapeutic strategies are highly effective, cART is not
curative and cessation leads to a rebound of HIV viremia. Treatment of HIV requires a life-
long commitment to medication with the risk of adverse effects, sometimes severe, which
have been reported for all drugs used in cART regimens. Besides HLA-B*57:01, a marker to
predict hypersensitivity for abacavir, no other biomarkers or genetic susceptibility traits are

known to predict the occurrence of adverse events during cART use.

Thus HIV treatment needs to be further ameliorated, in order to diminish adverse reactions
during cART use, and new biomarkers to predict adverse reactions would be very helpful
tools. Both the replication of HIV and the mechanism of action of the NRTIs, the backbone
of the cART regimens currently recommended in the HIV treatment guidelines, depend for
an important part on the human nucleotide metabolism. Further, also in other viral infec-

tions, like hepatitis C (HCV), hepatitis B (HBV) and herpesviridae, nucleotide analogues
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Figure 1. HIV replication cycle and drug targets for combination antiretroviral therapy. Adapted from: Deeks,
S.G.; Overbaugh, J.; Phillips, A.; Buchbinder, S.; HIV Infection. Nature Reviews Disease Primers, October 2015; Vol
1; p1-22. Licensed by Springer Nature RightsLink.

are used in the treatment. Knowledge regarding the nucleotide metabolism is therefore
important to improve inhibition of HIV replication and decrease adverse events during

therapy with nucleotide analogue drugs in HIV and various other infectious diseases.

HUMAN NUCLEOTIDE METABOLISM

Canonical nucleotides

Nucleotides are the building blocks of DNA and RNA, and the basis for the function of all
cells in all living species (including humans). In humans, DNA is located in the nucleus
(chromosomal DNA) and in the mitochondrion (circular mtDNA). Nucleotides contain a
nucleobase, a deoxyribose (together a nucleoside) and a phosphate group (Figure 2a). In

RNA the nucleoside contains a ribose instead of a deoxyribose.

DNA is composed of 2 strings of nucleotides, bound together via the nucleobases by hy-
drogen bonds and forming the genetic code (Figure 2b). The nucleobases incorporated in
nucleic acids are adenine, guanine, cytosine and thymine, and are considered the canonical
nucleobases. These nucleobases can be divided in 2 groups according to their chemical

structure. Cytosine and thymidine (and uracil in RNA) are pyrimidines and have a core in
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the shape of a pyrimidine ring (C4H4N2). Adenine and guanine are purines and have a core
consisting of a heterocyclic aromatic ring (with the same structure as the pyrimidine ring)
fused to a imidazole ring (C3H4N2) (Figure 3).
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Figure 2a. Chemical structure of nucleoside and nucleotide 5-mono-, di- and triphosphate. Adapted from:
Yikrazuul, own work, general overview of nucleotides and nucleosides, may 26" 2010, URL https://commons.
wikimedia.org/wiki/File:Nucleotide_nucleoside_general.svg, accessed June 28" 2018.
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Figure 2b. Schematic DNA structure (left) and nucleobase bonds (right). Adapted from: Pearson Education,
Inc., publishing as Pearson Benjamin Cummings, URL http://logyofbio.blogspot.com/2016/02/structure-of-dna-
and-nucleotides.html, accessed June 28" 2018.
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Figure 3. Chemical structure of the canonical pyrimidines and purines.

Role of canonical nucleotides in human metabolism

Besides being building blocks for DNA, the nucleotides have additional important functions
in the human cell metabolism. The nucleotide-5’-triphosphates function as energy carriers
because energy is released when the phosphate groups are hydrolysed from the nucleoside
base by kinases. From the nucleotide-5’-triphosphates, adenosine 5’-triphosphate (ATP) is
the most preferred nucleotide for most cellular processes. The preference for ATP has been
observed in a large study investigating over 200 kinases and found that most had affinity for
ATP and only a small number of the kinases exhibited affinity for guanosine 5’-triphosphate
(GTP).” Further, cyclic nucleotides act as secondary messengers, transducing signals from
outside the cells to intracellular. For example: the primary messenger epinephrine stimulates
the liver cell via triggering the secondary messenger cyclic adenosine 3’5’-monophosphate
(cAMP) to convert glycogen to glucose (glycogenolysis).”” cAMP is generated from ATP
by adenylyl cyclase and has three major targets in most cells: protein kinase A (PKA),
exchange proteins activated by cAMP (Epacs) and cyclic-nucleotide-gated ion channels.”
PKA phosphorylates numerous metabolic enzymes, among which enzymes regulating
glycogen, sugar and lipid metabolism, depending on the cell type. The Epac proteins are
involved in multiple cellular functions such as (among others) cell adhesion, cell differentia-
tion, apoptosis and secretion.”** Cyclic guanine 3’5’-monophosphate (cGMP), produced
from GTP by two families of guanylyl cyclases: transmembrane particulate guanylyl cyclase
(pGC) and soluble guanylyl cylclase (sGC), activate protein kinase G (PKG). PKG phos-
phorylates several enzymes responsible for multiple cellular processes, like vascular tone
and remodeling, neuronal adaptation, intestinal water secretion and bone growth.” cGMP
modulates cAMP concentration® and, like cAMP, also regulates cyclic nucleotide-gated
ion channels.” Nucleotides are also important constituents of the coenzymes nicotinamide
adenine dinucleotide (NAD"), nicotinamide adenine dinucleotide phosphate (NADP*) and
Flavin adenine dinucleotide (FAD), which play a role in oxidation-reduction reactions.
And finally, nucleosides are involved in the synthesis of polysaccharides, for instance UDP-

glucose which is an intermediate in the glycogen synthesis in mammals.*®
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Purine nucleotide synthesis

In the human metabolism two pathways of purine nucleotide synthesis exist: the ‘de novo’
synthesis pathway, in which the purine base is synthesized step by step on the ribose-5’-
phosphate, and the salvage pathway, in which a ribose-5’-phophate is added to the preformed
purine base or phosphates are added to a preformed, or rather recycled, purine nucleobase.
In the de novo purine synthesis pathway (Figure 4), inosine 5’-monophosphate (IMP) is
formed from the active form of ribose: 5-phosphoribosyl-1-pyrophosphate (PRPP) through
10 enzymatic steps. IMP is further converted into either adenosine 5’-monophosphate
(AMP) or guanosine 5’-monophosphate (GMP) in two final steps (Figure 5). To form AMP,
first the carbonyl oxygen atom at C6 is substituted for an amino group on which aspartate
is added by the enzyme adenylosuccinate synthetase. Finally, fumarate is released from
the amino group by adenylosuccinase. GMP is formed by oxidation of IMP at C2 by IMP
dehydrogenase using NAD" and H2O, followed by transfer of the amido-N of glutamine to
the C2 position by GMP synthetase. Note that for the synthesis of AMP, GTP is used and for
the synthesis of GMP, ATP is used.
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Figure 4. Purine nucleotide de novo pathway. Inosine 5’-monophosphate (IMP) is formed from 5-phospho-
ribosyl-1-pyrophosphate (PRPP) in 10 enzymatic steps: (1) glutamine phosphoribosylpyrophosphate amido-
transferase (GPAT activity - PPAT gene); (2) glycinamide ribonucleotide synthetase (GARS activity - GART
gene); (3) glycinamide ribonucleotide formyltransferase (GART activity - GART gene); (4) phosphoribosyl-
formylglycinamide synthase (PFAS activity - PFAS gene); (5) aminoimidazole ribonucleotide synthetase (AIRS
activity - GART gene); (6) aminoimidazole ribotide carboxylase (AIRC activity - PAICS gene); (7) succinyl-
aminoimidazolecarboxamide ribonucleotide synthetase (SAICAR activity - PAICS gene); (8) adenylosuccinate
lyase (ADSL activity - ADSL gene); (9) 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase
(AICAREFT activity - ATIC gene); (10) IMP cyclohydrolase (IMPCH activity - ATIC gene). From: Lane A.N. and
Fan T.W.-M. Regulation of mammalian nucleotide metabolism and biosynthesis. Nucleic Acids Research, 2015,
Vol 43(4): p.2466-2485.
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Figure 5. Interconversion of purines; synthesis of AMP and GMP from IMP. Adapted from: Berg .M., Tymoczko
J.L. and Stryer L. Biochemistry. 5" edition 2002. New York: W.H. Freeman.

In erythrocytes the ‘de novo’ pathway is absent, so the erythrocyte relies completely on
the salvage pathway (Figure 6) for the requirement of the purine nucleotides. The salvage
pathway provides a way to utilize purine bases derived from diet (exogenous) or from the
normal turnover of nucleic acids (endogenous) and reconverts these purine bases to their
corresponding nucleotides by phosphoribosylation. As in the de novo synthesis pathway,
PRPP serves as the activated ribose-5-phosphate. The enzymes involved in the process of
resynthesis of nucleotides from bases are adenine phosphoribosyltransferase (APRT) for
adenine and hypoxanthine-guanine phophoribosyltransferase (HGPRT') for hypoxanthine
and guanine. Thereafter, the purine nucleosides are degraded in several steps to the ultimate
end product uric acid, which is excreted in the urine.

NRTIs in HIV

The mechanism of action of the NRTTs, used as backbone of the cART regimens currently
recommended in HIV treatment guidelines, is based on the human nucleotide metabolism.
Abacavir, tenofovir disoproxil fumarate (from now on referred to as tenofovir) and didano-
sine (which is currently no longer widely used) are NRTIs resembling the natural purine
nucleosides (Figure 7); abacavir and didanosine being guanosine nucleoside analogues and

tenofovir being an adenine nucleotide analogue.

These drugs are first metabolized inside the cells and converted to their active 5’-triphos-
phate forms. For instance, carbovir is the active ’triphosphate’ form of abacavir. The ac-
tive 5’-triphosphate forms compete with the natural purine nucleotide triphosphates for
incorporation in the growing viral DNA, but due to the lack of a 3’-hydroxyl group, the next
nucleotide cannot be added to the DNA strand and further DNA synthesis is terminated.
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Figure 6. Purine salvage pathway. PNP, Purine nucleotide phosphorylase; APRT, Adenine phosphoribosyl-
transferase; HGPRT, Hypoxanthine-guanine phosphoribosyltransferase; AMP, Adenosine 5’-monophosphate;
IMP, Inosine 5’-monophosphate; XMP, Xanthosine 5-monophosphate; GMP, Guanosine 5-monophosphate;
NMPK, Nucleoside monophosphate kinase; ADP, Adenosine 5’-diphosphate; IDP, Inosine 5-diphosphate;
XDP, Xanthosine 5-diphosphate; GDP, Guanosine 5-diphosphate; NDPK, Nucleoside diphosphate kinase;
ATP, Adenosine 5’-triphosphate; ITP, Inosine 5’-triphosphate; XTP, Xanthosine 5’-triphosphate; GTP, Guano-
sine 5’-triphosposphate.
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sine and tenofovir and their resemblance with the natural purine nucleosides guanosine and adenosine.
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Non-canonical nucleotides

Besides the canonical purine nucleobases (adenine and guanine), other non-canonical
nucleobases exist that are not building blocks of the genetic code. For instance, xanthine
and hypoxanthine are important non-coding intermediates in purine metabolism. Their
respective ribonucleosides are xanthosine and inosine (see Figures 6 and 8). There are also
extraordinary metabolites like 8-oxo-deoxyguanosine that are damaged, potentially harm-

ful, non-canonical purines.
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Figure 8. Chemical structures of the non-canonical purine nucleobases Xanthine and Hypoxanthine and the
nucleotide Inosine 5-triphosphate.

The non-canonical nucleotides are formed when canonical nucleotides are damaged by
oxidative stress and deamination.”*' While the role of the canonical adenine and guanine
based nucleotides is extensively studied, the potential role of the non-canonical purine
based nucleotides xanthosine and inosine in the human metabolism has not yet been fully
clarified and may be both beneficial and harmful. Inosine, inosine 5’-triphosphate (ITP)
and to a lesser extend also inosine 5’-diphosphate (IDP) and IMP were found to have anti-
inflammatory effects.”** Cyclic ITP (cITP) may function as a second messenger.”” On the
other hand, incorporation of deaminated nucleotides like deoxy-Inosine 5'-triphospate
(dITP) and deoxy-Xanthosine 5 -triphosphate (dXTP) into DNA and RNA is thought to
have mutagenic consequences.**”” Multiple enzymes have been described that clear the
cellular nucleotide pool from these potential harmful non-canonical nucleotides.” One of
those enzymes is Inosine 5’-triphosphate pyrophosphohydrolase (Inosine triphosphatase
or ITPase), which dephosphorylates ITP to IMP and xanthosine 5'-triphosphate (XTP) to
xanthosine 5'-monophosphate (XMP). IMP and XMP are further processed to the canoni-
cal nucleotides AMP and GMP as described above (Figures 5 and 6).
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INOSINE TRIPHOSPHATE PYROPHOSPHOHYDROLASE (ITPASE)

Substrates, expression and function

In 1964 Liakopoulou and Alivisatos were the first to describe this enzyme in human eryth-
rocytes, found it to be very specific for ITP* and called it ITP phosphohydrolase (ITPase).
Their initial conclusion that ITPase hydrolysed ITP to IDP and further to IMP was refuted
by Vanderheiden, who showed in his experiments that IDP was not involved in the reaction
and that ITPase pyrophosphohydrolysed ITP to IMP.*® The natural substrates for ITPase are
ITP, dITP and XTP.*' Potentially the enzyme is somewhat promiscuous, for (d)GTP, (d)ATP,
(d)CTP, TTP and UTP were found in some assays to be pyrophosphohydrolysed by ITPase,
although 10-100 fold less efficient.’* It was shown that (d)IMP and (d)IDP are no substrates
at all, and that IDP is in fact an inhibitor of ITPase.”* The specificity of ITPase for (d)ITP
and XTP is unusually high compared to other enzymes of the nucleotide metabolism™ and
this is probably due to the structure of the enzyme (Figure 9).>* ITPase consists of two
monomers of 21.5 kDa, composed of 194 amino acids, forming a dimer. Each monomer
consists of a long central B-sheet forming the floor of the active site, with an upper and a
lower lobe, between which the substrate binds. The substrate specificity for ITP and XTP
is explained by the hydrogen bonds they can form with the active site, while ATP and GTP
have amino-groups in those binding locations, which do not allow hydrogen bonding.> Be-
cause neither of the ribose hydroxyl groups make strong contacts with the protein, ITPase
can utilize both ITP as well as dITP.”

ITPase is not only expressed in erythrocytes but in a wide range of human tissues (from
leukocytes, bone marrow and lymph nodes to solid organs, skeletal muscle, spinal cord and
reproductive organs).”"** Both the specificity of the enzyme for (d)ITP and XTP and the
fact that ITPase is more or less ubiquitously expressed in human tissues are consistent with
the hypothesis that ITPase cleans the nucleotide pool from potential harmful nucleotides.
Indeed, in embryos of mice with no ITPase activity, eight times higher levels of deoxy Ino-
sine were found in the nuclear DNA compared to control mice embryos. Furthermore, the
embryonic fibroblasts of these ITPase devoid mice embryos showed increased chromosome

aberrations and accumulation of single-strand breaks in the nuclear DNA.*

Genetic basis of ITPase deficiency

In 1969 Vanderheiden measured elevated levels of ITP in the erythrocytes of different fami-
lies. He suggested that these high levels of ITP were due to ITPase deficiency and that this
deficiency was an inheritable trait.”® In 1980, analysis of a de novo translocation between
chromosomes X and 20 of a 13-year-old female showed that the gene ITPA encoding for
ITPase was appointed to the short arm of chromosome 20.”” However, it was not until 2001

that the ITPA gene was cloned and characterized.” One year later five single nucleotide
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polymorphisms (SNPs) in this gene were identified. Three silent SNPs (138G>A, 561G>A
and 708G>A) and two SNPs that lead to decreased ITPase activity: 94C>A (p.Pro32Thr,
rs1127354) and 124+21A>C (or IVS2+21A>C, rs7270101). The 94C>A missense mutation
leads to a substitution of proline to threonine amino acid at codon 32. This substitution dis-
rupts the protein structure (Figure 9) and also leads to missplicing of exons 2 and 3.*** Only
homozygotes for the 94C>A SNP have nearly complete ITPase deficiency in erythrocytes,
in the 94C>A heterozygotes 23% of the ITPase activity remains.”® The 124+21A>C SNP
leads to a less severe state of ITPase deficiency, by miss-splicing exon 3 only,” resulting in
60% of mean ITPase activity in heterozygotes and 30% in homozygotes.”® The distribution
of the ITPA SNPs varies within the different world populations. The 94C>A mutation is
highest in Asian populations (14-19%) compared to Caucasian/African populations (6-7%)
and Central/South American (1-2%).” The 124+21A>C SNP is extremely rare in Asian

populations,”® but more frequent in Caucasian populations (11-13%).***® Since then,

60,62,66

more SNPs have been identified, with varying degrees in residual ITPase activity.

Figure 9. Structure of the Inosine triphosphate pyrophosphohydrolase enzyme. In blue: the unbound (apo)
structure, in pink: the ITP-bound structure. The site of the SNP 94C>A (p.Pro32Thr, rs1127354) which leads to
a decreased activity of the enzyme is indicated by an arrow for both monomers. Adapted from: Stenmark, P. et al.
Crystal structure of human inosine triphophatase. Substrate binding and implication of the inosine triphosphatase
deficiency mutation P32T. The Journal of Biological Chemistry 2006, 282(5): 3182-3187.
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Phenotypic correlation of ITPase deficiency with human diseases

Over the years, multiple studies have been done to find phenotypic abnormalities in indi-
viduals with SNPs in the ITPA genotype or a decreased ITPase activity. The first to report an
increased incidence (16%) of ‘High ITP’ in a mentally retarded population versus a popula-
tion with normal intelligence (3%), was Fraser®” in 1975. Additionally, in chronic paranoid
schizophrenic patients a significant decrease in ITPase activity was found compared to a
non-psychiatric control population.®® In 2015 the association between Early Infantile En-
cephalopathy was found in 7 patients with several pathogenic mutations in ITPA that led to
a severe degree of ITPase deficiency not restricted to erythrocytes.® And recently, in 2018,
two families with a very distinctive clinical presentation of lethal infantile-onset dilated
cardiomyopathy and the rare Martsolf syndrome, which is characterized by congenital
cataracts, postnatal microcephaly, developmental delay, hypotonia and short stature, were

found to have mutations in the ITPA gene leading to undetectable ITPase protein.”

A connection between ITPA mutations and malignancy has been hypothesized, although
studies investigating this subject are still sparse. In one study an increase in mitochondrial
DNA mutations was found in adult hematology patients (consisting of myelodysplastic
syndrome, acute myeloid leukemia and chronic lymphocytic leukemia patients), carrying
the 94C>A SNP, compared to patients carrying wild-type ITPA.” In another study ITPA is

. . . 1
mentioned as one of the genes mutated in adenocarcinoma of the pancreas.’

One study reported on an unusually high prevalence of decreased ITPase activity and ITPA
genotypes with SNPs in patients with pulmonary Langerhans’ cell histiocytosis compared to

a reference population (50% versus 11% respectively).””

THE ROLE OF ITPA SNPs IN DRUG METABOLISM

ITPA SNPs have been found to influence drug metabolism of azathioprine and its active
metabolite mercaptopurine, methotrexate and ribavirin. Azathioprine is used as an im-
munosuppressive drug prescribed after organ transplantation, and for multiple autoim-
mune diseases, like inflammatory bowel disease, rheumatoid arthritis and systemic lupus
erythematosus. Azathioprine is metabolized to mercaptopurine (6-MP) which is then
further metabolized by multiple enzymatic steps of the purine salvage and interconver-
sion pathways, including ITPase. In 2004, an association between adverse drug reactions of
azathioprine such as influenza-like symptoms, rash and pancreatitis was described for the
ITPA SNP 94C>A in a cohort of patients treated for inflammatory bowel disease.”” However,
these findings could not be confirmed in another study.” Since then, some studies reported

an association between the 94C>A SNP and bone marrow depression such as decreased
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75-77

leukocytes

no association could be demonstrate

or agranulocytosis,” flu-like symptoms’ or arthralgia,* but in other studies
d*""* in patients with inflammatory bowel disease. Also
the outcome of azathioprine therapy was not clearly associated with ITPA SNPs.**® SNP
124+21A>C was in all the studies but one® not associated with adverse events.””7*%$"%8
In patients with systemic lupus erythematosus (SLE) 94C>A was associated with a better
response to low-dose azathioprine therapy,”* but in patients with renal or liver transplants
studies were inconclusive.”””" Taken together, in adult patients treated with azathioprine,

the SNP 94C>A is associated with adverse events, although not undisputed.

In children treated with mercaptopurine (6-MP) for acute lymphoblastic leukemia the SNP
94C>A in the ITPA gene was associated with hepatic toxicity,”** decreased leukocytes™
and decreased event-free survival,” although again, these findings were not undisputed,
as another study found the opposite effect on event-free survival in a comparable group of
patients.”® In patients treated with methotrexate for rheumatoid arthritis the SNP 94C>A a

. s . P 99,100
possible association with a worse clinical response was found.

ITPA, ITPASE AND INFECTIOUS DISEASES

Hepatitis C

In patients treated with PEG-Interferon gamma and ribavirin for a hepatitis C virus (HCV)
infection, the effect of SNPs in the ITPA gene on the occurrence of anemia and hemoglobin
(Hb) decline is extensively studied.” """ In a meta-analysis by Pineda-Tenor in 2015,'” the
SNPs 94C>A, 124+21A>C and rs6051702 were all associated with protection against Hb
decline. Furthermore, 94C>A was also significantly associated with protection against the
occurrence of severe anemia and the necessity for ribavirin dose reduction during therapy.
None of these studies investigated the association between ITPase activity and the occur-
rence of anemia and the degree of Hb decline.

HIV

In spite of a genotype distribution comparable to a non-HIV infected population, ITPase
activity was found to be significantly decreased in erythrocytes of HIV-infected patients
compared to a non-HIV infected control population.* However, no further studies were
done to investigate whether this affected the occurrence of adverse events during the
use of cART. For replication, HIV depends on the nucleotide metabolism of the infected
host. For instance, HIV uses reverse transcriptase to convert its single-stranded RNA into
double-stranded DNA, using the nucleotides available in the human cell, and further tran-
scribes new RNA from this DNA after incorporation into the human genome, using the

human nucleotide mechanism. The NRTTs are analogues of the natural ribonucleotides and
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compete with these natural ribonucleotides for incorporation in the growing RNA chain.
When incorporated, further RNA synthesis is stopped (chain termination) because of the
NRTIs miss a 3’-hydroxyl group on the deoxyribose. To further improve HIV therapy by
decreasing adverse events, more insight into the association between ITPA genotypes and
ITPase activity on the one hand and adverse events during use of cART on the other hand
could be important. Anti-retroviral drugs mimicking all nucleobases exist, but since ITPase
is an enzyme in the human purine metabolism, we concentrated on the drugs abacavir (a

guanosine analogue) and didanosine and tenofovir (adenosine analogues).

OUTLINE OF THE THESIS

The general aim of this thesis is to investigate the influence of the ITPA genetic SNPs 94C>A
and 124+21A>C and the activity of the enzyme ITPase on the occurrence of adverse events
during treatment for the infectious diseases HCV and HIV. While ITPA SNPs were previ-
ously found to be protective against hemolytic anemia during therapy with ribavirin for
HCYV, it is not clear to what extent other SNPs contribute to ITPase activity. Therefore, in
Chapter 2, ITPase activity is compared with ITPA genotype for prediction of anemia during

ribavirin use for HCV.

In HIV-infected patients the ITPase activity in erythrocytes was found to be decreased
compared to a population not infected with HIV. As leukocytes are the main target cells
for HIV-infection, in Chapter 3 the expression of the ITPase protein in leukocytes and
leukocyte subpopulations is explored in association with ITPA genotype. The results in
HIV-infected patients are compared to a non-HIV infected population.

As the current therapy for HIV is highly effective, the main obstacle for treatment nowadays
is adverse events during cART. In Chapter 4, we investigate the association of ITPase activ-
ity and ITPA genotype with the occurrence of adverse events during combination antiret-
roviral therapy for HIV. One of the most important adverse drug events during tenofovir
use is nephrotoxicity. In order to test if ITPase activity and ITPA genotype could be used
as a biomarker to predict nephrotoxicity during tenofovir use for HIV,these parameters are
determined and compared in HIV-infected patients with and without nephrotoxicity, in
Chapter 5.

Other important aspects brought on by the current effective HIV therapy, are long term

consequences of cART and increasing diseases of older age, one of them being cardiovas-

cular diseases. The association of ITPase activity and ITPA genotype with the occurrence
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of cardiovascular diseases and metabolic events during cART for HIV-infection is further

explored in Chapter 6.

To further unravel effects caused by HIV-infection itself and effects caused by cART, in
Chapter 7, basic cell metabolomics of untreated HIV-infected patients are compared to
a control population (the effect of HIV-infection). In addition metabolomics data prior
to start of cCART were compared to 12 months of therapy successfully suppressing HIV
replication (the effect of cART).

In Chapter 8 the results of these studies are discussed with respect to future perspectives.

Erasmus University Rotterdam 24\/»9\9



18 Erasmus Medical Center Rotterdam

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Masur H, Michelis MA, Greene JB, Onorato I, Stouwe RA, Holzman RS, et al. An outbreak of
community-acquired Pneumocystis carinii pneumonia: initial manifestation of cellular immune
dysfunction. N Engl ] Med. 1981;305(24):1431-8.

UNAIDS. Fact sheet - July 2018: Communications and Global Advocacy; 2018 [Available from:
http://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf].

Berger EA, Murphy PM, Farber JM. Chemokine receptors as HIV-1 coreceptors: roles in viral entry,
tropism, and disease. Annu Rev Immunol. 1999;17:657-700.

Doms RW, Peiper SC. Unwelcomed guests with master keys: how HIV uses chemokine receptors for
cellular entry. Virology. 1997;235(2):179-90.

O’Brien WA, Koyanagi Y, Namazie A, Zhao JQ, Diagne A, Idler K, et al. HIV-1 tropism for mono-
nuclear phagocytes can be determined by regions of gp120 outside the CD4-binding domain. Nature.
1990;348(6296):69-73.

Kowalski M, Potz ], Basiripour L, Dorfman T, Goh WC, Terwilliger E, et al. Functional regions of the
envelope glycoprotein of human immunodeficiency virus type 1. Science. 1987;237(4820):1351-5.
Turner BG, Summers ME Structural biology of HIV. ] Mol Biol. 1999;285(1):1-32.

Telesnitsky A, Goff SP. Reverse transcriptase and the generation of retroviral DNA. 1997.

Brown PO. Integration. In: Coffin JM, Hughes SH, Varmus HE, editors Retroviruses Cold Spring
Harbor (NY): Cold Spring Harbor Laboratory Press. 1997.

Clark DR, Repping S, Pakker NG, Prins JM, Notermans DW, Wit FW, et al. T-cell progenitor func-
tion during progressive human immunodeficiency virus-1 infection and after antiretroviral therapy.
Blood. 2000;96(1):242-9.

Zeng M, Paiardini M, Engram JC, Beilman GJ, Chipman JG, Schacker TW; et al. Critical role of CD4
T cells in maintaining lymphoid tissue structure for immune cell homeostasis and reconstitution.
Blood. 2012;120(9):1856-67.

Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al. Microbial translocation is
a cause of systemic immune activation in chronic HIV infection. Nat Med. 2006;12(12):1365-71.
Doitsh G, Galloway NL, Geng X, Yang Z, Monroe KM, Zepeda O, et al. Cell death by pyroptosis
drives CD4 T-cell depletion in HIV-1 infection. Nature. 2014;505(7484):509-14.

Lane HC, Masur H, Edgar LC, Whalen G, Rook AH, Fauci AS. Abnormalities of B-cell activation
and immunoregulation in patients with the acquired immunodeficiency syndrome. N Engl ] Med.
1983;309(8):453-8.

Unutmaz D, Pileri P, Abrignani S. Antigen-independent activation of naive and memory resting T
cells by a cytokine combination. ] Exp Med. 1994;180(3):1159-64.

Vidya Vijayan KK, Karthigeyan KP, Tripathi SP, Hanna LE. Pathophysiology of CD4+ T-Cell Deple-
tion in HIV-1 and HIV-2 Infections. Front Immunol. 2017;8:580.

Panel on Antiretroviral Guidelines for Adults and Adolescents. Guidelines for the Use of Antiretro-
viral Agents in Adults and Adolescents Living with HIV. Department of Health and Human Services.
[Available from: https://aidsinfo.nih.gov/contentfiles/lvguidelines/adultandadolescentgl.pdf].

World Health Organisation Guidelines. Consolidated guidelines on the use of antiretroviral drugs for
treating and preventing HIV infection. Recommendations for a public health approach. [Available
from: http://www.aidsinfo.nih.gov/ContentFiles/Adultand AdolescentGL.pdf].

European AIDS Clinical Society Guidelines. European Guidelines for treatment of HIV-positive
adults in Europe. [Available from: http://www.eacsociety.org/guidelines/eacs-guidelines/eacs-
guidelines.html].

Erasmus University Rotterdam Za.{vu.g



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

General introduction and outline of the thesis

British HIV Association guidelines for the treatment of HIV-1-positive adults with antiretroviral
therapy 2015 (2016 interim update). [Available from: http://www.bhiva.org/HIV-1-treatment-
guidelines.aspx].

Gunthard HE, Saag MS, Benson CA, del Rio C, Eron JJ, Gallant JE, et al. Antiretroviral Drugs for
Treatment and Prevention of HIV Infection in Adults: 2016 Recommendations of the International
Antiviral Society-USA Panel. JAMA. 2016;316(2):191-210.

Taiwo BO, Marconi VC, Berzins B, Moser CB, Nyaku AN, Fichtenbaum C]J, et al. Dolutegravir plus
lamivudine maintains Human Immunodeficiency Virus-1 suppression through week 48 in a pilot
randomized trial. Clin Infect Dis. 2018;66(11):1794-7.

Borghetti A, Baldin G, Lombardi F, Ciccullo A, Capetti A, Rusconi S, et al. Efficacy and tolerability of
lamivudine plus dolutegravir as a switch strategy in a multicentre cohort of patients with suppressed
HIV-1 replication. HIV Med. 2018.

Llibre JM, Hung CC, Brinson C, Castelli F, Girard PM, Kahl LP, et al. Efficacy, safety, and tolerability
of dolutegravir-rilpivirine for the maintenance of virological suppression in adults with HIV-1: phase
3, randomised, non-inferiority SWORD-1 and SWORD-2 studies. Lancet. 2018;391(10123):839-49.
Nakagawa F, May M, Phillips A. Life expectancy living with HIV: recent estimates and future implica-
tions. Curr Opin Infect Dis. 2013;26(1):17-25.

Rodger AJ, Cambiano V, Bruun T, Vernazza P, Collins S, van Lunzen J, et al. Sexual activity without
condoms and risk of HIV transmission in serodifferent couples when the HIV-positive partner is
using suppressive antiretroviral therapy. JAMA. 2016;316(2):171-81.

Cohen MS, Chen YQ, McCauley M, Gamble T, Hosseinipour MC, Kumarasamy N, et al. Prevention
of HIV-1 infection with early antiretroviral therapy. N Engl ] Med. 2011;365(6):493-505.

Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, Vargas L, et al. Preexposure chemoprophy-
laxis for HIV prevention in men who have sex with men. N Engl ] Med. 2010;363(27):2587-99.
Becher I, Savitski MM, Savitski MF, Hopf C, Bantscheff M, Drewes G. Affinity profiling of the cellular
kinome for the nucleotide cofactors ATP, ADP, and GTP. ACS Chem Biol. 2013;8(3):599-607.
Sutherland EW. The effect of the hyperglycemic factor and epinephrine on enzyme systems of liver
and muscle. Ann N 'Y Acad Sci. 1951;54(4):693-706.

Sassone-Corsi P. The cyclic AMP pathway. Cold Spring Harb Perspect Biol. 2012;4(12).

Cheng X, Ji Z, Tsalkova T, Mei E. Epac and PKA: a tale of two intracellular cAMP receptors. Acta
Biochim Biophys Sin (Shanghai). 2008;40(7):651-62.

Rangarajan S, Enserink JM, Kuiperij HB, de Rooij ], Price LS, Schwede F, et al. Cyclic AMP induces
integrin-mediated cell adhesion through Epac and Rapl upon stimulation of the beta 2-adrenergic
receptor. ] Cell Biol. 2003;160(4):487-93.

Enserink JM, Price LS, Methi T, Mahic M, Sonnenberg A, Bos JL, et al. The cAMP-Epac-Rap]1 path-
way regulates cell spreading and cell adhesion to laminin-5 through the alpha3betal integrin but not
the alpha6beta4 integrin. ] Biol Chem. 2004;279(43):44889-96.

Hofmann F, Feil R, Kleppisch T, Schlossmann J. Function of cGMP-dependent protein kinases as
revealed by gene deletion. Physiol Rev. 2006;86(1):1-23.

Zaccolo M, Movsesian MA. cAMP and cGMP signaling cross-talk: role of phosphodiesterases and
implications for cardiac pathophysiology. Circ Res. 2007;100(11):1569-78.

Zimmerman AL, Baylor DA. Cyclic GMP-sensitive conductance of retinal rods consists of aqueous
pores. Nature. 1986;321(6065):70-2.

Leloir LE, Olavarria JM, Goldemberg SH, Carminatti H. Biosynthesis of glycogen from uridine
diphosphate glucose. Arch Biochem Biophys. 1959;81(2):508-20.

Erasmus University Rotterdam 24\—/»9\9

19



20 Erasmus Medical Center Rotterdam

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

Shapiro R, Pohl SH. The reaction of ribonucleosides with nitrous acid. Side products and kinetics.
Biochemistry. 1968;7(1):448-55.

Karran P, Lindahl T. Hypoxanthine in deoxyribonucleic acid: generation by heat-induced hydrolysis
of adenine residues and release in free form by a deoxyribonucleic acid glycosylase from calf thymus.
Biochemistry. 1980;19(26):6005-11.

Kasai H, Hayami H, Yamaizumi Z, SaitoH, Nishimura S. Detection and identification of mutagens
and carcinogens as their adducts with guanosine derivatives. Nucleic Acids Res. 1984;12(4):2127-36.
Marton A, Pacher P, Murthy KG, Nemeth ZH, Hasko G, Szabo C. Anti-inflammatory effects of ino-
sine in human monocytes, neutrophils and epithelial cells in vitro. Int ] Mol Med. 2001;8(6):617-21.
da Rocha Lapa F, de Oliveira AP, Accetturi BG, de Oliveira Martins I, Domingos HV, de Almeida
Cabrini D, et al. Anti-inflammatory effects of inosine in allergic lung inflammation in mice: evidence
for the participation of adenosine A2A and A 3 receptors. Purinergic Signal. 2013;9(3):325-36.
Shinohara Y, Tsukimoto M. Guanine and inosine nucleotides/nucleosides suppress murine T cell
activation. Biochem Biophys Res Commun. 2018;498(4):764-8.

Seifert R, Schneider EH, Bahre H. From canonical to non-canonical cyclic nucleotides as second
messengers: pharmacological implications. Pharmacol Ther. 2015;148:154-84.

Abolhassani N, Iyama T, Tsuchimoto D, Sakumi K, Ohno M, Behmanesh M, et al. NUDT16 and ITPA
play a dual protective role in maintaining chromosome stability and cell growth by eliminating dIDP/
IDP and dITP/ITP from nucleotide pools in mammals. Nucleic Acids Res. 2010;38(9):2891-903.
Iyama T, Abolhassani N, Tsuchimoto D, Nonaka M, Nakabeppu Y. NUDT16 is a (deoxy)inosine
diphosphatase, and its deficiency induces accumulation of single-strand breaks in nuclear DNA and
growth arrest. Nucleic Acids Res. 2010;38(14):4834-43.

Galperin MY, Moroz OV, Wilson KS, Murzin AG. House cleaning, a part of good housekeeping. Mol
Microbiol. 2006;59(1):5-19.

Liakopoulou A, Alivisatos SG. Distribution of nucleoside triphosphatases in human erythrocytes.
Biochim Biophys Acta. 1964;89:158-61.

Vanderheiden BS. Human erythrocyte “ITPase”: an ITP pyrophosphohydrolase. Biochim Biophys
Acta. 1970;215(3):555-8.

Lin S, McLennan AG, Ying K, Wang Z, Gu S, Jin H, et al. Cloning, expression, and characteriza-
tion of a human inosine triphosphate pyrophosphatase encoded by the ITPA gene. ] Biol Chem.
2001;276(22):18695-701.

Holmes SL, Turner BM, Hirschhorn K. Human inosine triphosphatase: catalytic properties and
population studies. Clin Chim Acta. 1979;97(2-3):143-53.

Welin M, Nordlund P. Understanding specificity in metabolic pathways-structural biology of human
nucleotide metabolism. Biochem Biophys Res Commun. 2010;396(1):157-63.

Stenmark P, Kursula P, Flodin S, Graslund S, Landry R, Nordlund P, et al. Crystal structure of human
inosine triphosphatase. Substrate binding and implication of the inosine triphosphatase deficiency
mutation P32T. ] Biol Chem. 2007;282(5):3182-7.

Simone PD, Pavlov YI, Borgstahl GE. ITPA (inosine triphosphate pyrophosphatase): from surveil-
lance of nucleotide pools to human disease and pharmacogenetics. Mutat Res. 2013;753(2):131-46.
Vanderheiden BS. Genetic studies of human erythrocyte inosine triphosphatase. Biochem Genet.
1969;3(3):289-97.

Mohandas T, Sparkes RS, Passage MB, Sparkes MC, Miles JH, Kaback MM. Regional mapping of
ADA and ITP on human chromosome 20: cytogenetic and somatic cell studies in an X/20 transloca-
tion. Cytogenet Cell Genet. 1980;26(1):28-35.

Erasmus University Rotterdam Za.{vu.g



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

General introduction and outline of the thesis

Sumi S, Marinaki AM, Arenas M, Fairbanks L, Shobowale-Bakre M, Rees DC, et al. Genetic basis of
inosine triphosphate pyrophosphohydrolase deficiency. Hum Genet. 2002;111(4-5):360-7.

Arenas M, Duley ], Sumi S, Sanderson J, Marinaki A. The ITPA c.94C>A and g.IVS2+21A>C sequence
variants contribute to missplicing of the ITPA gene. Biochim Biophys Acta. 2007;1772(1):96-102.
Shipkova M, Lorenz K, Oellerich M, Wieland E, von Ahsen N. Measurement of erythrocyte inosine
triphosphate pyrophosphohydrolase (ITPA) activity by HPLC and correlation of ITPA genotype-
phenotype in a Caucasian population. Clin Chem. 2006;52(2):240-7.

Marsh S, King CR, Ahluwalia R, McLeod HL. Distribution of ITPA P32T alleles in multiple world
populations. ] Hum Genet. 2004;49(10):579-81.

Maeda T, Sumi S, Ueta A, Ohkubo Y, Ito T, Marinaki AM, et al. Genetic basis of inosine triphosphate
pyrophosphohydrolase deficiency in the Japanese population. Mol Genet Metab. 2005;85(4):271-9.
Cheon JH, Kim JH, Kim BY, Kim SW, Hong SY, Eun CS, et al. Allele frequency of thiopurine methyl-
transferase and inosine triphosphate pyrophosphatase gene polymorphisms in Korean patients with
inflammatory bowel diseases. Hepatogastroenterology. 2009;56(90):421-3.

Bierau J, Bakker JA, Schippers JA, Grashorn JA, Lindhout M, Lowe SH, et al. Erythrocyte inosine
triphosphatase activity is decreased in HIV-seropositive individuals. PLoS One. 2012;7(1):e30175.
Atanasova S, Shipkova M, Svinarov D, Mladenova A, Genova M, Wieland E, et al. Analysis of ITPA
phenotype-genotype correlation in the Bulgarian population revealed a novel gene variant in exon 6.
Ther Drug Monit. 2007;29(1):6-10.

Kevelam SH, Bierau J, Salvarinova R, Agrawal S, Honzik T, Visser D, et al. Recessive ITPA mutations
cause an early infantile encephalopathy. Ann Neurol. 2015;78(4):649-58.

Fraser JH, Meyers H, Henderson JF, Brox LW, McCoy EE. Individual variation in inosine triphos-
phate accumulation in human erythrocytes. Clin Biochem. 1975;8(6):353-64.

Vanderheiden BS, Bora G. Erythrocyte ITP pyrophosphohydrolase in chronic paranoid and undif-
ferentiated schizophrenics: a biological difference. Biochem Med. 1980;23(1):76-86.

FitzPatrick DR, Handley MT, Reddy K, Wills ], Rosser E, Kamath A, et al. ITPase deficiency causes
Martsolf Syndrome with a lethal infantile dilated cardiomyopathy. bioRxiv. 2018.

Zamzami MA, Duley JA, Price GR, Venter DJ, Yarham JW, Taylor RW, et al. Inosine triphosphate
pyrophosphohydrolase (ITPA) polymorphic sequence variants in adult hematological malignancy
patients and possible association with mitochondrial DNA defects. ] Hematol Oncol. 2013;6:24.

Xu MD, Liu SL, Feng YZ, Liu Q, Shen M, Zhi Q, et al. Genomic characteristics of pancreatic squa-
mous cell carcinoma, an investigation by using high throughput sequencing after in-solution hybrid
capture. Oncotarget. 2017;8(9):14620-35.

Bakker JA, Bierau J, Drent M. A role for ITPA variants in the clinical course of pulmonary Langer-
hans’ cell histiocytosis? Eur Respir J. 2010;36(3):684-6.

Marinaki AM, Ansari A, Duley JA, Arenas M, Sumi S, Lewis CM, et al. Adverse drug reactions to
azathioprine therapy are associated with polymorphism in the gene encoding inosine triphosphate
pyrophosphatase (ITPase). Pharmacogenetics. 2004;14(3):181-7.

Gearry RB, Roberts RL, Barclay ML, Kennedy MA. Lack of association between the ITPA 94C>A
polymorphism and adverse effects from azathioprine. Pharmacogenetics. 2004;14(11):779-81.
Zelinkova Z, Derijks LJ, Stokkers PC, Vogels EW, van Kampen AH, Curvers WL, et al. Inosine
triphosphate pyrophosphatase and thiopurine s-methyltransferase genotypes relationship to
azathioprine-induced myelosuppression. Clin Gastroenterol Hepatol. 2006;4(1):44-9.

Odahara S, Uchiyama K, Kubota T, Ito Z, Takami S, Kobayashi H, et al. A prospective study evalu-
ating metabolic capacity of thiopurine and associated adverse reactions in Japanese patients with
inflammatory bowel disease (IBD). PLoS One. 2015;10(9):e0137798.

Erasmus University Rotterdam 24\—/»9\9

21



22

Erasmus Medical Center Rotterdam

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Shipkova M, Franz ], Abe M, Klett C, Wieland E, Andus T. Association between adverse effects under
azathioprine therapy and inosine triphosphate pyrophosphatase activity in patients with chronic
inflammatory bowel disease. Ther Drug Monit. 2011;33(3):321-8.

Uchiyama K, Nakamura M, Kubota T, Yamane T, Fujise K, Tajiri H. Thiopurine S-methyltransferase
and inosine triphosphate pyrophosphohydrolase genes in Japanese patients with inflammatory bowel
disease in whom adverse drug reactions were induced by azathioprine/6-mercaptopurine treatment.
] Gastroenterol. 2009;44(3):197-203.

Ansari A, Arenas M, Greenfield SM, Morris D, Lindsay ], Gilshenan K, et al. Prospective evaluation
of the pharmacogenetics of azathioprine in the treatment of inflammatory bowel disease. Aliment
Pharmacol Ther. 2008;28(8):973-83.

Zabala-Fernandez W, Barreiro-de Acosta M, Echarri A, Carpio D, Lorenzo A, Castro J, et al. A
pharmacogenetics study of TPMT and ITPA genes detects a relationship with side effects and clinical
response in patients with inflammatory bowel disease receiving Azathioprine. ] Gastrointestin Liver
Dis. 2011;20(3):247-53.

Allorge D, Hamdan R, Broly F, Libersa C, Colombel JE ITPA genotyping test does not improve detec-
tion of Crohn’s disease patients at risk of azathioprine/6-mercaptopurine induced myelosuppression.
Gut. 2005;54(4):565.

Hindorf U, Lindqvist M, Peterson C, Soderkvist P, Strom M, Hjortswang H, et al. Pharmacogenet-
ics during standardised initiation of thiopurine treatment in inflammatory bowel disease. Gut.
2006;55(10):1423-31.

De Ridder L, Van Dieren JM, Van Deventer HJ, Stokkers PC, Van der Woude JC, Van Vuuren A]J,
et al. Pharmacogenetics of thiopurine therapy in paediatric IBD patients. Aliment Pharmacol Ther.
2006;23(8):1137-41.

Kim JH, Cheon JH, Hong SS, Eun CS, Byeon JS, Hong SY, et al. Influences of thiopurine methyltrans-
ferase genotype and activity on thiopurine-induced leukopenia in Korean patients with inflamma-
tory bowel disease: a retrospective cohort study. ] Clin Gastroenterol. 2010;44(10):e242-8.

Jung YS, Cheon JH, Park JJ, Moon CM, Kim ES, Lee JH, et al. Correlation of genotypes for thiopurine
methyltransferase and inosine triphosphate pyrophosphatase with long-term clinical outcomes in
Korean patients with inflammatory bowel diseases during treatment with thiopurine drugs. ] Hum
Genet. 2010;55(2):121-3.

von Ahsen N, Armstrong VW, Behrens C, von Tirpitz C, Stallmach A, Herfarth H, et al. Association
of inosine triphosphatase 94C>A and thiopurine S-methyltransferase deficiency with adverse events
and study drop-outs under azathioprine therapy in a prospective Crohn disease study. Clin Chem.
2005;51(12):2282-8.

Okada Y, Nakamura K, Hiromura K, Nojima Y, Horiuchi R, Yamamoto K. Pro32Thr polymorphism
of inosine triphosphate pyrophosphatase gene predicts efficacy of low-dose azathioprine for patients
with systemic lupus erythematosus. Clin Pharmacol Ther. 2009;85(5):527-30.

Nagamine A, Takenaka M, Aomori T, Okada Y, Hiromura K, Nojima Y, et al. Effect of genetic
polymorphisms on effectiveness of low-dose azathioprine in Japanese patients with systemic lupus
erythematosus. Am J Health Syst Pharm. 2012;69(23):2072-8.

Kurzawski M, Dziewanowski K, Lener A, Drozdzik M. TPMT but not ITPA gene polymorphism
influences the risk of azathioprine intolerance in renal transplant recipients. Eur J Clin Pharmacol.
2009;65(5):533-40.

Xiong H, Xin HW, Wu XC, Li Q, Xiong L, Yu AR. Association between inosine triphosphate pyro-
phosphohydrolase deficiency and azathioprine-related adverse drug reactions in the Chinese kidney
transplant recipients. Fundam Clin Pharmacol. 2010;24(3):393-400.

Erasmus University Rotterdam Za.{vu.g



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

General introduction and outline of the thesis

Breen DP, Marinaki AM, Arenas M, Hayes PC. Pharmacogenetic association with adverse drug
reactions to azathioprine immunosuppressive therapy following liver transplantation. Liver Transpl.
2005;11(7):826-33.

Adam de Beaumais T, Fakhoury M, Medard Y, Azougagh S, Zhang D, Yakouben K, et al. Determi-
nants of mercaptopurine toxicity in paediatric acute lymphoblastic leukemia maintenance therapy.
Br J Clin Pharmacol. 2011;71(4):575-84.

Wan Rosalina WR, Teh LK, Mohamad N, Nasir A, Yusoff R, Baba AA, et al. Polymorphism of ITPA
94C>A and risk of adverse effects among patients with acute lymphoblastic leukaemia treated with
6-mercaptopurine. J Clin Pharm Ther. 2012;37(2):237-41.

Azimi F, Mortazavi Y, Alavi S, Khalili M, Ramazani A. Frequency of ITPA gene polymorphisms in
Iranian patients with acute lymphoblastic leukemia and prediction of its myelosuppressive effects.
Leuk Res. 2015;39(10):1048-54.

Dorababu P, Nagesh N, Linga VG, Gundeti S, Kutala VK, Reddanna P, et al. Epistatic interactions
between thiopurine methyltransferase (TPMT) and inosine triphosphate pyrophosphatase (ITPA)
variations determine 6-mercaptopurine toxicity in Indian children with acute lymphoblastic leuke-
mia. Eur J Clin Pharmacol. 2012;68(4):379-87.

Hareedy MS, El Desoky ES, Woillard JB, Thabet RH, Ali AM, Marquet P, et al. Genetic variants
in 6-mercaptopurine pathway as potential factors of hematological toxicity in acute lymphoblastic
leukemia patients. Pharmacogenomics. 2015;16(10):1119-34.

Kim H, Kang HJ, Kim HJ, Jang MK, Kim NH, Oh Y, et al. Pharmacogenetic analysis of pediatric
patients with acute lymphoblastic leukemia: a possible association between survival rate and ITPA
polymorphism. PLoS One. 2012;7(9):e45558.

Smid A, Karas-Kuzelicki N, Milek M, Jazbec ], Mlinaric-Rascan I. Association of ITPA genotype
with event-free survival and relapse rates in children with acute lymphoblastic leukemia undergoing
maintenance therapy. PLoS One. 2014;9(10):e109551.

Wessels JA, Kooloos WM, De Jonge R, De Vries-Bouwstra JK, Allaart CF, Linssen A, et al. Relation-
ship between genetic variants in the adenosine pathway and outcome of methotrexate treatment in
patients with recent-onset rheumatoid arthritis. Arthritis Rheum. 2006;54(9):2830-9.

Pastore S, Stocco G, Moressa V, Zandona L, Favretto D, Malusa N, et al. 5-Aminoimidazole-4-
carboxamide ribonucleotide-transformylase and inosine-triphosphate-pyrophosphatase genes vari-
ants predict remission rate during methotrexate therapy in patients with juvenile idiopathic arthritis.
Rheumatol Int. 2015;35(4):619-27.

Fellay J, Thompson AJ, Ge D, Gumbs CE, Urban TJ, Shianna KV, et al. ITPA gene variants protect
against anaemia in patients treated for chronic hepatitis C. Nature. 2010;464(7287):405-8.
Thompson A]J, Santoro R, Piazzolla V, Clark PJ, Naggie S, Tillmann HL, et al. Inosine triphosphatase
genetic variants are protective against anemia during antiviral therapy for HCV2/3 but do not de-
crease dose reductions of RBV or increase SVR. Hepatology. 2011;53(2):389-95.

Nishimura T, Osaki R, Shioya M, Imaeda H, Aomatsu T, Takeuchi T, et al. Polymorphism of the
inosine triphosphate pyrophosphatase gene predicts ribavirin-induced anemia in chronic hepatitis C
patients. Mol Med Rep. 2012;5(2):517-20.

Lotsch J, Hofmann WP, Schlecker C, Zeuzem S, Geisslinger G, Ultsch A, et al. Single and combined
IL28B, ITPA and SLC28A3 host genetic markers modulating response to anti-hepatitis C therapy.
Pharmacogenomics. 2011;12(12):1729-40.

Azakami T, Hayes CN, Sezaki H, Kobayashi M, Akuta N, Suzuki F, et al. Common genetic poly-
morphism of ITPA gene affects ribavirin-induced anemia and effect of peg-interferon plus ribavirin
therapy. ] Med Virol. 2011;83(6):1048-57.

Erasmus University Rotterdam 24\—/»9\9

23



24 Erasmus Medical Center Rotterdam

106. Kurosaki M, Tanaka Y, Tanaka K, Suzuki Y, Hoshioka Y, Tamaki N, et al. Relationship between
polymorphisms of the inosine triphosphatase gene and anaemia or outcome after treatment with
pegylated interferon and ribavirin. Antivir Ther. 2011;16(5):685-94.

107.  Sakamoto N, Tanaka Y, Nakagawa M, Yatsuhashi H, Nishiguchi S, Enomoto N, et al. ITPA gene vari-
ant protects against anemia induced by pegylated interferon-alpha and ribavirin therapy for Japanese
patients with chronic hepatitis C. Hepatol Res. 2010;40(11):1063-71.

108.  Pineda-Tenor D, Garcia-Alvarez M, Jimenez-Sousa MA, Vazquez-Moron S, Resino S. Relationship
between ITPA polymorphisms and hemolytic anemia in HCV-infected patients after ribavirin-based
therapy: a meta-analysis. ] Transl Med. 2015;13:320.

Erasmus University Rotterdam Za.{vu.g



