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Abstract

Dihydroorotate dehydrogenase (DHOD) is the fourth enzyme in the de novo pyrimidine biosynthetic pathway and is essential in Trypanosoma
cruzi, the parasitic protist causing Chagas® disease. I’ cruzi and human DHOD have different biochemical properties, including the electron
acceptor capacities and cellular localization, suggesting that 70 cruzi DHOD may be a potential chemotherapeutic target against Chagas’ disease.
Here, we report nucleotide sequence polymorphisms of 7. cruzi DHOD genes and the kinetic properties of the recombinant enzymes. T. cruzi
Tulahuen strain possesses three DHOD genes: DHODI and DHOD2, involved in the pyrimidine biosynthetic (pyr) gene cluster on an 800 and a
1000 kb chromosomal DNA, respectively, and DHOD3, located on an 800 kb DNA. The open reading frames of all three DHOD genes are
comprised of 942 bp, and encode proteins of 314 amino acids. The three DHOD genes differ by 26 nucleotides, resulting in replacement of
8 amino acid residues. In contrast, all residues critical for constituting the active site are conserved among the three proteins. Recombinant 7. cruzi
DHOD1 and DHOD?2 expressed in E. coli possess similar enzymatic properties, including optimal pH, optimal temperature, Vax, and K, for
dihydroorotate and fumarate. In contrast, DHOD3 had a higher ¥, and K, for both substrates. Orotate competitively inhibited all three DHOD
enzymes to a comparable level. These results suggest that, despite their genetic variations, kinetic properties of the three 7. cruziDHODs are
conserved. Our findings facilitate further exploitation of 70 ¢ruzi DHOD inhibitors, as chemotherapeutic agents against Chagas® disease.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction the chronic phase, infected tissues become gradually impaired
and the disease is no longer curable [2]. The chemotherapeutic
drugs currently used are highly toxic and often lead to
discontinuation of the therapy [1]. Thus, development of new
drugs with low toxicity is needed.

Pyrimidine biosynthesis is an essential biological activity,
which is conducted by both de novo and salvage pathways.
The de novo pathway is comprised of six sequential enzymatic

reactions. Dihydroorotate dehydrogenase (DHOD) is the fourth

Chagas® disease is caused by infection with the parasitic
protist, Trypanosoma cruzi. This disease affects about 17
million people in Latin America, with about 25% of the
population estimated to be at risk [1]. Medication is usually
effective when given during the acute phase, whereas, during

Abbreviations: DHOD, dihydroorotate dehydrogenase; ACT, aspartate
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enzyme in the pathway catalyzing the oxidation of dihydroor-
otate (DHO) to orotate. Human DHOD, which is localized in
the inner membrane of mitochondria, uses ubiquinone as
electron acceptor [3,4]. In contrast, 7. cruzi DHOD is a
cytosolic protein that preferentially uses fumarate as electron
acceptor, producing succinate [5]. Phylogenetic reconstruction
of DHOD has shown that T. ¢cruzi and human DHOD have the
different origins, belonging to families 1A and 2, respectively
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[6]. In conjunction with the unique properties of T. cruzi
DHOD, we have previously reported that marine algae exfracts
inhibit the I cruzi DHOD activity in a non-competitive
manner, as well as inhibiting the growth and infection of 7.
cruzi in mammalian cells [7]. Thus, inhibitor(s) specific for T.
cruzi DHOD may be promising candidate drugs in the
treatment of Chagas’ disease.

In T cruzi, the DHOD gene is localized in the de novo
pyrimidine biosynthetic (pyr) gene cluster, which contains five
genes that encode all six enzymes in the de novo pyrimidine
synthesis pathway [8]. Two complete sets of the pyr gene
cluster have been found in all 7. cruzi strains to date, along
with amplification of parts of the cluster or individual pyr
genes [9]. For example, three DHOD gene loci have been
identified in the T cruzi Tulahuen strain, two localized to the
pyr gene clusters on an 800 and a 1000 kb chromosomal DNA.
The third DHOD locus clusters only with the gene encoding
the second enzyme in the pathway, aspartate carbamoyltrans-
ferase (ACT), on an 800 kb DNA (see Fig. 1). In addition, we
observed extensive nucleotide and amino acid sequence
polymorphisms among the ACT gene loci, suggesting that T.
cruzi DHOD gene, as well as ACT, is polymorphic [9].

The presence of multiple DHOD gene loci and their
possible genetic variation may indicate, however, that the
encoded enzymes would not present drug targets. That is, a
drug may inhibit one DHOD enzyme but not others, thus
allowing parasite survival. Nevertheless, we have recently
demonstrated that targeted disruption of at least two DHOD
gene loci in 7, cruzi Tulahuen resulted in loss of viability of the
parasite even in the presence of pyrimidine substrates of the
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Fig. 1. Schematic illustration of the three dihydroorotate dehydrogenase
(DHOD) gene loci in Trypanosoma cruzi Tulahuen strain. DHODI is localized
in the pyrimidine—biosynthetic (pyr) gene cluster on a 1000 kb chromosomal
DNA. This cluster contains five genes of the de novo pyrimidine biosynthetic
pathway: pyr!, encoding carbamoyl-phosphate synthetase II; pyr3, encoding
dihydroorotase; pyr6/5, encoding orotidine-5'-monophosphate decarboxylase-
orotate phosphoribosyltransferase; ACT, encoding aspartate carbamoyltransfer-
ase, and DHOD., DHOD? is localized in the pyr gene cluster on an 800 kb
DNA. DHOD3 is present on an 800 kb DNA and linked only to the ACT3
gene. DHOD1, DHODH2, and DHOD3 were isolated from phage clones, Nos.
16, 4, and 10 [9].

salvage pathway, suggesting that 70 cruzi DHOD promises to
be a drug target {10].

In the present study, we determined whether 7. cruzi DHOD
genes are polymorphic and, if so, whether polymorphisms
would affect their enzymatic properties. We observed extensive
nucleotide substitutions among the three DHOD loci, with
replacement of 26 out of 945 nucleotides (2.75%), resulting in
substitutions of 8 amino acids. Nevertheless, kinetic constants
of the three recombinant DHODs were comparable. Our
findings provide insight into T' cruzi DHOD as a drug target
in the treatment of Chagas’ disease.

2. Materials and methods

2.1. Nucleotide sequence determination of the DHOD loci in T.
cruzi Tulahuen

We selected three phage clones, Nos. 16, 4, and 10,
representing DHODI, DHOD2, and DHOD3, respectively,
that have been screened from a AEMBL3 genomic DNA
library of 7. cruzi Tulahuen strain [9]. DHODI is present in the
pyr gene cluster on a 1000 kb chromosomal DNA; DHOD? is
in the pyr gene cluster on an 800 kb DNA; and DHOD3
clusters partially with ACT gene on an 800 DNA (Fig. 1). Each
phage DNA was digested with EcoRI, and the resulting DNA
fragment, carrying a DHOD gene, was subcloned in the EcoRI
site of pUC18. The open reading frames of DHODI, DHOD?2,
and DHOD3 were completely sequenced using synthetic
oligonucleotide primers and an automated DNA sequencer
(Model CEQ8000, Beckman Coulter Inc., Fullerton, CA, USA)
under the conditions recommended by the manufacturer.

2.2. Bacterial expression of the recombinant T. cruzi DHODs

The open reading frame of each DHOD was PCR
amplified using sense primers specific for DHODI (5'-
CACCATGATGCGTCTGAAACTCAA-3), DHOD2 (5'-
CACCATGATGTGTCTGAAGCTCAA-3), and DHOD3
(5'-CACCATGACGTGTCTGAAGCTCAA-3"), a common
antisense primer (5'-TCACTCAATTGTCTTGACAC-3"), and
KOD plus DNA polymerase (High-fidelity type, Toyobo Co.,
Ltd., Osaka, Japan). The PCR products were cloned in
pETIOO/D—TOPO® vector (Invitrogen, San Diego, CA, USA),
which allows N-terminal fusion of a Hisgtag with the
recombinant protein. Each cloned DHOD gene was se-
quenced and confirmed to be free of PCR-generated errors.
The recombinant plasmids were used to transform BL21-
CodonPlus® (DE3)-RP competent E. coli (Invitrogen), and
expression of the recombinant 7. cruzi DHOD was carried out
as described, with minor modifications [7]. Briefly, expression
was induced by incubating the cells in 1 mM isopropyl-R-D-
thiogalactopyranoside (Wako Pure Chemical Industries,
Tokyo) for 3 h. The cytosolic fraction of the bacteria was
loaded onto a His*Bind® resin column (Novagen, EMD
Biosciences, Inc., Madison, WI, USA) and the bound, Hise-
tagged DHOD was eluted with 0.5M NaCl/0.5M imidazole/20
mM Tris, pH 7.4. This buffer in the protein eluate was
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exchanged with phosphate-buffered saline (PBS, pH 7.2)
using a PD-10 column (Amersham Biosciences Corp.,
Piscataway, NJ, USA). The final DHOD preparations were
stored at —80 °C until use.

2.3. DHOD assays

DHOD activity was determined by incubating the enzyme
in the presence of dihydroorotate (substrate) and fumarate
(electron acceptor) in 50 mM potassium phosphate, and

measuring orotate production by absorption at 300 nm
(=330 mM™' cm™!). Optimal pH of each enzyme was
determined by altering the pH of the potassium phosphate
from 6.0 to 8.0. For kinetic analyses, each 100 pl reaction
mixture, containing recombinant DHOD, dihydroorotate,
famarate, and 50 mM potassium phosphate, pH 7.0, was
pre-incubated at 37 °C for 5 min and the reaction was started
by addition of DHO. To evaluate orotate inhibition, the
reaction mixture was incubated with orotate for 5 min before
starting the reaction.

ATGATGCGTCTGAAéCTCAACCTCCTCGACCATGTGTTCGCCAACCCCTTCATGAACGCC 60

GCGGGXGTTCTCTGCAGCACCGAGGAAGACCTGCGCTGCATGACAGCCTCCTCCAGCGGC 120

GCACTTGTGTCGAAGAGCTGCACGAGTGCACCTCGCGATGGTAACCCCGAGCCGCGTTAC 180

ATGGCCGTTCCACTTGGGAGCATCAATTCTATGGGGCTGCCTAACCTGGGCTTTGATTTC 240

TATTTGAAATACGCCAECGATCTGCACGATTACAGCAAGAAGCCGCTTTTTCTCTCCATT 300

TCAGGTCTTTCCGTGGAGGAGAATGTGGCGATGGTGCGCCGCCTTGCCCCTGTGGCGCAG 360

GAAAAAGGTGTATTGTTGGAGTTGAATCTTTCCTGCCCGAATGTGCCCGGCAAACCGCAG 420

GTGGCCTATGACTTTGAGGCGATGCGCACTTACTTGCAGCAGGTGTCGTTGGCATACGGA 480

ETGCCCTTTGGgGTGAAGATGCCGCCGTACTTTGATATTGCACACTTTGATACGGCTGCT 540

GCTGTCTTGAATGAGTTCCCACTTGTCAAGTTTGTGACGTGTGTGAACAGTGTCGGCAAC 600

GGCCTTGTTATTGATGCGGAGAGTGAGTCTGTTGTCATCAAACCCAAACAAGGGTTTGGT 660

GGTéTTGGCGGCAAGTATATCCTCCCTACAGCGCTgGCGAACGTGAATGCATTCTACCGC 720

CGETGECCGGATAAGTTGGTCTTTGGCTGCGGCGGCGTTTACAGCGGCGAGGATGCCTTC 780

TTGCATATACTTGCCGGTGCGTCGATGGTGCAAGTGGGAACTGCACTGCAGGAGGAGGGC 840

CCCGGCATTTTTACGCGTCTTGAAGATGAGTTGCTGGAGATCATGGCACGGAAGGGGTAC 900

AAGACTCTGGAGGAGTTCCGTGGACGTGTCAAGACAATTGAGTGA 945

Fig. 2. Nucleotide sequences of the three Tiypanosoma cruzi DHOD genes. Substitutions in the DHOD2 and DHOD3 nucleotide and deduced amino acid sequences

are shown relative to those of DHOD!. Dashes indicate identical nucleotides.
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3. Results

3.1. Nucleotide sequence polymorphism in the T. cruzi DHOD
gene

To determine whether the three DHOD gene loci in T cruzi
Tulahuen strain are polymorphic, we subcloned the inserts of
three DHOD-carrying phage clones, encoding DHOD1 (clone
16), DHOD2(clone 4), and DHOD3(clone 10) (Fig. 1). Each
clone was found to have an open reading frame of 942 bp,
without deletions or insertions, encoding 314 amino acids. We
found that the three DHOD loci differed by 26 of the 942
nucleotides (2.75%), leading to replacement of 8 amino acids.
Four of these amino acid replacements were not equivalent
(Fig. 2). We calculated the molecular mass of DHOD1, DHO2,
and DHOD3 as 34.2, 34.2, and 34.1 kDa, respectively, and
their isoelectric points (pls) were pH 5.6, 5.4, and 5.6,
respectively.

We also found that the rate of nucleotide substitutions
differed between each pair of DHOD gene loci. DHODI
differs from DHOD2 and DHOD3 by 21 (2.22%) and 23
(2.43%) nucleotides, respectively, resulting in 5 and 6 amino
acid replacements, respectively. In contrast, DHOD2 and
DHOD3 were found to differ by only 8 nucleotides (0.84%),
resulting in replacement of 5 amino acids.

T. cruzi DHOD is classified as a family 1A enzyme [6], and,
using Laciococcus lactis DHODA, the amino acid residues
participating in the catalytic reaction have been well charac-
terized [11-13). The corresponding amino acids, Lys45,
Asn69, Leu73, Asnl29, Cys132, Asnl34, Serl97 and
Asn196, were all conserved among the three forms of 7. cruzi
DHOD.
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Fig. 3. Expression and purification of the recombinant Iiypanosoma cruzi
DHODs. Following expression in E. coli as Hise-tagged recombinant proteins
and purification, 1 pg of purified DHOD1, DHOD2, and DHOD3 were loaded
onto lanes 1-3, respectively, of a 10% SDS-polyacrylamide gel under
denaturing conditions. Molecular weights of the protein standards (lane M)
are indicated in kilodaltons (kD).
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Fig. 4. Effects of pH (A) and temperature (B) on the activity of recombinant
Tiypanosoma cruzi DHODs. (A) Activity of DHODI1 (circle), DHOD2
(square), and DHOD?3 (triangle) in the presence of 1 mM dihydroorotate
(DHO) and 1 mM fumarate at 37 °C. (B). Activity in the presence of 50-800
uM DHO and 1 mM fumarate at 37 °C (open characters) and 25 °C (closed).

3.2. Expression of the recombinant T. cruzi DHODs

To determine the effect of the amino acid replacements, we
assayed the kinetic properties of the three recombinant T. cruzi
DHODs. Each recombinant 7. cruzi DHOD with an N-terminal
Hisg-tag was expressed and purified by affinity chromatogra-
phy as a single 37 kDa band (Fig. 3). Each of the purified
DHODs was yellow, with absorption spectra having maxima at
375 and 459 nm, suggesting the presence of a flavin nucleotide,
such as FMN, as a prosthetic group (data not shown).

Prior to kinetic analyses, we determined the optimal pH and
temperature of each 7 cruzi DHOD. We found that the optimal
pH for all three was pH 7.0 (Fig. 4A). As T cruzi parasitizes
insects and mammals, we then measured the DHOD activity at
25 °C for the insect stage and at 37 °C for the mammalian

Table 1

Comparison of K, values of T cruzi DHODs

Enzyme DHO (uM)* Fumarate (uM)®
DHOD (native)® 25.9+5 53.4+3
DHOD1 30+3 308
DHOD2 30+£3 35£6

DHOD® 243+4 43942
DHOD3 716 67+3

In the presence of 1 mM fumarate® or 1 mM DHO".
°At 25°C [5].
All results are reported as mean*SD.
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Table 2

Inhibition constants (X;) for orotate against the recombinant I cruzi

Enzyme DHO (uM)* Fumarate (uM)®
DHOD1 57.3%6.9 62.2+1
DHOD2 71.4+8.2 773+21.4
DHOD2° 20.5+3.6 15.6+4.32
DHOD3 4244174 49.0£17.8

In the presence of 1 mM fumarate® or 1 mM DHO.
°At 25°C [5].
All results are reported as mean+SD.

stage. All three T. cruzi DHODs showed a higher V. at 37 °C
than at 25 °C (Fig. 4B). These results can be correlated with
findings that amastigotes replicating in mammalian cells
depend on de novo synthesis of pyrimidines and are likely to
require their accelerated biosynthesis [14]. Thus, all subsequent
kinetic analyses of the 7. cruzi DHODs were carried out at pH
7.0 and 37 °C.

We found that DHOD3 had the highest V., at both 25 and
37 °C (Fig. 4B). This was unexpected, since none of the critical
amino acids constituting the active site of the enzyme had been
replaced.

3.3. Kinetic properties of the recombinant T. cruzi DHODs

We have previously demonstrated that native DHOD
purified from epimastigotes of 7' cruzi Tulahuen and recom-
binant DHOD (DHOD2 without the Hisg-tag) shared very
similar kinetic properties [5]. Since the kinetic properties of
recombinant DHOD?2 are similar in the presence or absence of
the Hisg-tag (Tables 1 and 2), we analyzed the kinetics of the
three DHODs with Hisg-tag. We found that the K, values of
DHODI1 and DHOD2 were similar and consistent with those
reported earlier (Table 1). In contrast, DHOD3 showed higher
K, values for both DHO and fumarate.

Orotate is a competitive inhibitor for family 1A DHOD,
including 7. cruzi DHOD [5]. We found that orotate
competitively inhibited the activity of all three DHODs with
DHO and fumarate at comparable levels (Table 2). In contrast,
the K; values were slightly higher than those reported
previously, which may have been due to differences in the
assay temperature (Table 2).

4. Discussion

Variations in the number of DHOD gene copies among 1.
cruzi strains and in the enzymatic properties of proteins
expressed from the different loci may lead to difficulty in
developing clinically useful DHOD-specific inhibitors. In the
present study, we demonstrated genetic polymorphisms in the
three 7" cruzi DHOD gene loci and the kinetic profiles of the
recombinant DHODs. We observed replacement of 2.75% of
the nucleotides, a rate much higher than that of other 7 cruzi
genes, such as dihydrolipoamide dehydrogenase (0.2%), and
regulatory-particle non-ATPase subunit 1 of the proteasome
(0.8%) [13,15]. Recent whole-genome sequencing of 7. cruzi
CL Brener, a reference strain of T. cruzi genome project,

clearly revealed the presence of three complete pyr gene
clusters and one partial cluster including ACT and DHOD in
its genome [16,17]. Analysis of the putative four DHOD
genes in the CL Brener genome showed replacement of 3.5%
of the nucleotides, consistent with our findings (data not
shown). In addition, when the intraspecies variations of the
dihydrofolate reductase—thymidylate synthase (1473 bp) gene
were analyzed using 18 strains of 7. cruzi, it was found that
25 (1.7%) of 1473 nucleotides were replaced, resulting in
three amino acid substitutions [18]. In contrast, the rate of
nucleotide substitutions in the ACT gene, which juxtaposed to
all three DHOD gene loci in T. cruzi Tulahuen, is 3.0% [9].
Thus, it is likely that the rate of evolution of the pyr genes,
including ACT and DHOD, is faster than that of other genes,
despite the essential role of the former in de novo pyrimidine
biosynthesis.

The genome of 7. cruzi Tulahuen, as well as CL Brener, has
a hybrid nature, in that it is comprised of two distantly related
T. cruzi lineages [18]. We found higher rates of nucleotide
substitutions for DHODI versus DHOD2 or DHODI versus
DHOD3 than for DHOD2 versus DHOD3, suggesting that
DHODI and DHOD?2 differ in evolutionary origin, whereas
DHOD3 was derived by gene duplication of DHOD?2. These
findings disagree with those obtained by comparing the three
ACT gene loci. That is, the insertion of three nucleotides,
encoding Ala265, was observed in ACT2 and ACT3, while
these two genes shared less similarity [9]. It is possible that
ACT3and DHOD3 were derived from partial duplication of the
pyr gene cluster, including ACT2 and DHOD2, but ACT3
acquired more nucleotide substitutions than DHOD3. Further
analyses are necessary to clarify the mechanisms of duplication
and evolution of the pyr genes in I. cruzi.

Although expression profiles of the three DHODs should be
examined in relation to parasite physiology, it is very difficult.
We could not identify each DHOD transcript by single-
stranded DNA conformation polymorphism (SSCP), nor could
we isolate each of the DHOD isoforms, due to their very
similar molecular weight and pl, from parasite extracts.
Likewise, recent proteomic analyses in 7. cruzi CL Brener
failed to demonstrate presence of DHODs and their peptides in
any developmental stages [19]. It is noteworthy that all three
ACTs in T cruzi Tulahuen are transcribed in all developmental
stages at steady-state level [9]. Evidence of polycistronic
transcription in 7. cruzi makes it likely that DHOD and ACT
genes are transcribed in the similar manner.

Despite the extensive nucleotide substitutions, the amino
acids constituting the active site are completely conserved in all
three T cruzi DHODs. However, this does not necessarily
mean that the enzymatic properties of the three DHODs are
identical or very similar. We therefore determined the kinetic
properties of the recombinant enzymes, all of which were
expressed as flavoproteins and displayed fumarate-dependent
DHOD activity, characteristic of family 1A DHOD. Interest-
ingly, all three DHODs had a higher V., at 37 °C than at 25
°C. Amastigotes rely on de novo pyrimidine synthesis,
suggesting a requirement for accelerated de novo biosynthetic
activity [14]. Thus, the preference of 7' cruzi DHOD for 37 °C
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may reflect evolution of the parasite DHOD to fit the
environment present in its mammalian hosts.

The kinetic properties of the three DHODs were compara-
ble, except that DHOD3 had a 2- to 3-fold higher V. and 2-
fold higher K, values for DHO and fumarate. DHOD3 shows
replacement of Met2, Leu98, and Arg285 (in DHOD 1 and
DHOD2) with Thr2, Val98, and Thr285, respectively. Al-
though these three amino acids are not crucial for catalytic
activity, their replacement may lead to alteration of the three-
dimensional structure of the protein.

Among DHODs in Tulahuen, the eight amino acids are
polymorphic: Met/Thr2, Cys/Arg3, Phe/Val63, Ser/Ile86, Lew/
Val98, Leu/Tle222, Thr/Arg285, and Lys/Arg301 (See Fig. 2).
Interestingly, all of these amino acid polymorphisms are
conserved in the putative DHODs in CL Brener, with two
additional polymorphic sites at Gly/Ala223 and Leu/Phe228
[16,17]. Conservation of the amino acid polymorphisms in
different 7. cruzi strains suggests that the amino acid
polymorphism in the DHODgene loci have occurred mostly
before diversification of 7. cruzi and conserved during their
evolution. It is important that none of the amino acids
participating in the catalytic reaction is polymorphic in both
Tulahuen and CL Brener. Therefore, it is likely that DHOD
isoforms share similar enzymatic properties, despite the
extensive nucleotide/amino acid sequence polymorphisms
among the gene loci and among 7. cruzi strains.

Although the 70 cruzi DHOD gene is highly polymorphic,
the gene products are less polymorphic in their kinetic
properties. The latter findings are favorable for drug design
and facilitate exploitation of drug development. DHOD
promises to be a drug target not only for Chagas’ disease,
but also for malaria, Prewmocystis carinii pneumonia, cancers,
and autoimmune diseases [20-23]. The DHOD inhibitors
currently used and their derivatives should be used to test the
three forms of 7. cruzi DHOD. In addition, marine algae
extracts contain a substance that inhibits T cruzi DHOD
activity [7]. Crystallographic analyses may determine the
precise conformation of 7. cruzi DHOD, leading to discovery
of potent enzyme inhibitors that can be used clinically to treat
Chagas’ disease.
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Recent findings suggest that susceptibility to malaria is associated with genetic variants in the IL4 promoter
region, resulting in the up-regulation of serum IgE. In this study, using a population-based approach, we investi-
gated the mutant allele frequencies at positions — 590 and + 33 of the IL4 gene and total and Plasmodium (P.)
falciparum-specific’ IgE levels on 3 islands with variable malaria endemicities in Vanuatu: Malakula (meso-
endemic), Aneityum (meso-endemic with intervention), and Futuna (non-endemic). A total of 878 and 750 sam-
ples were typed for —590 and +33 positions, respectively. Variant allele frequencies varied from 0.27 to 0.39 for
C-590T and from 0.39 to 0.48 for C+33T among 3 islands. There was a strong linkage disequilibrium between
the 2 alleles (p<0.001). For both mutant alleles higher frequencies were detected in Aneityum than in Futuna
(p<0.05}. In Aneiﬁrum there was a significant association between the carriage of C+33T allele and increased
levels of P. falciparum-specific IgE {(p<0.05). However these relations were not observed in Malakula. This is the
first report on IL4 polymorphisms in Melanesian populations. The observed mutant allele frequencies lay be-
tween higher values in Asian populations and rather lower values in Caucasians. The data suggest that IL4 pro-

moter polymorphisms may be one of the genetic factors that explain relations between malaria disease and IgE.

Key words: malaria, IL4, IgE, polymorphism, Vanuatu

Introduction

The outcome of malaria infection is a reflection of
host-parasite interactions, which in turn are de-
pendent on their diversities. Ideal places to study
these questions are isolated areas in Melanesia (the
Southwest Pacific) with great variety of malaria en-
demic situations and also different ethnic popula-
tions, Our study area is the Vanuatu archipelago,
which consists of 80 islands with 120 languages, con-
firming long time isolation. The islands of Vanuatu
were settled less than 4,000 years ago during a
rapid population expansion from Island Southeast
Asia, that continued into western Polynesia”. Ma-

laria is endemic in most populated islands in Vanu-
atu while some small islands are apparently
malaria-free”. Malaria is unstable with apparently

low mortality in Vanuatu®

, while stable with high
mortality in Papua New Guinea”. This study repre-
sents part of the project to search for host genetic
factors to explain these differences.

There is accurnulating evidence that host genetic
factors control malaria disease by regulating anti-
malarial immune responses”. A number of host
genes have been identified, which seem to contrib-
ute to the protection against or susceptibility to ma-
laria infection and disease. The geographical distri-
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bution of certain genes in hwman populations may
vary due to different selection pressures.

As example, the protection from malaria due to
red cell abnormalities was documented in the sickle
cell trait®”, thalassaemias” and G6PD deficiency™.

A number of other host genes have also been
identified which may be related to acquisition of
protective immunity against malaria disease, includ-
ing polymorphisms in MHC class I genes', regulat-
ing the production or expression of the inflamma-
tory cytokine TNF'. The previous studies showed
that the class I antigen HLA-Bw53 and the class II
haplotype DRB1*1302-DQB 170501, associated with
significant protection against severe malaria, are
present in higher frequencies in people in Sub-
Saharan Africa®? but rare in Caucasians'®, while
absent in Pacific islanders™. A sib-pair linkage be-
tween the chromosome region 5q31-q33 and Plasmo-
dium (P.) falciparum blood infection levels has been
reported™®. This region is also linked to production
of the cytokine IL4" and to elevated serum levels of
IgE" which in turn may be related to pathogenesis.

IL4 is a multifunctional cytokine which serves as
an important regulator in isotype switching from
IgM/TgG to IgE™" . IL4 also regulates the differen-
tiation of precursor T-helper cells into the Th2 sub-
set that regulates humoral immunity and specific
antibody production™. Polvmorphisms in the IL4
gene are known to play a significant role in allergic

M2 Recent investi-

diseases such as atopic asthma
gations have revealed that genetic variants of the
114 promoter regions lead to different transcription
efficiency or dysregulation™, thereby causing vari-
ations in cytokine production.

In the IL4 gene, a single nucleotide polymorphism
at 590 bp upstream of the transcriptional start site
{C-590T) is known to have a higher luciferace re-
porter activity®”, and this mutant allele has been
found to modulate total serum IgE levels in
asthma®. An association between the C+33T mu-
tant allele of the 1.4 gene and increased levels of
IgE was also documented in Japanese asthmatic pa-
tients™ . In this population, a strong linkage dise-
quilibrium was found between the +33T allele and
the —590T allele®, suggesting that both alleles may
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be acting on enhancement of the transcription and
regulation of IgE production.

In P. falciparum infections, elevated levels of both
total and malaria-specific IgE in sera of populations
from malaria-endemic regions were documented®™™
and though the role of these IgEs are not particu-
larly clear, IL4 seems to be involved in their exces-
sive production. A recent study in Burkina Faso
suggested that the mutant allele IL4 —590T is asso-
ciated with elevated levels of anti-malarial antibody
in the Fulani, thereby protecting the members of
this ethnic group against malaria®. Other studies
also showed an association between genetic vari-
ants of the I1.4 gene with increased total IgE levels
and susceptibility to malaria®™®".

Sequestration of parasitized red blood cellsin the
endothelium of various organ vessels is an impor-
tant mechanism in severe forms of malaria and this
has been hypothesized to result from the up-
regulation of TNF-0™. A recent study also indica{e
the involvement of 114 in inducing the high expres-
sion of the adhesion molecule V-CAM on endothelial
cells®, a receptor for the P. falciparum erythrocyte
membrane protein 1, a molecule implicated in se-
questration.

In the IL4 gene, while high frequencies of the T
mutant alleles (C—590T/C+33T) were found in
Asian populations™*, rather low frequencies were
reported in Caucasians and populations from Sub-
Saharan Africa®™ " except for the Fulani ethnic
group where high frequencies were found™. In this
study, using a population-based approach, we inves-
tigated the mutant allele frequencies of the IL4
gene at positions —590 and +33 in Melanesian
populations in Vanuatu and whether these polymor-
phisms were influenced by wvariable malaria en-
demicities. We also investigated the association be-
tween these polymorphisms and total and malaria-
specific IgE production.

Since most of previous studies on the relation be-
tween IL4 polymorphism and malaria were con-
ducted in Sub-Saharan Africa, this study in Melane-
sia provides a unique opportunity to compare re-
sults from this region with previous results from
Sub-Saharan Africa.
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Materials and Methods
Study areas
This study was designed as a component of ma-
lariometric surveys conducted on 3 islands of Vanu-
atu from 1997 to 1998. The details of these surveys
Briefly,
Malakula is a meso-endemic island without any ef-

were already reported elsewhere®™.
fective control measure. Aneityum is also poten-
tially meso-endemic with a malaria-free situation
since 1991, when an effective control measure was
taken. Futuna is a non-endemic island due to the ab-
sence of vector Anopheles mosquite.
" Filter paper blood sampling

During the above-mentioned surveys, finger-
prick blood samples were also drawn into a 75 pl
heparinized capillary tube (Drummond Scientific
Company, USA) and transferred unto chroma-
tographic filter paper (ET31CHR, Whatman Lim-
ited, England). After drying, the labeled filter paper
samples were stored in separate small plastic bags
at—20C until analy"ses performed on them.

DNA extraetion and PCR

From each of randomly selected sub-samples,
DNA was extracted from a quarter (19 ul) of one
blood spot dried on filter paper using the method as
previously described”. The IL4 +33 was typed by
PCR amplification of a 200 bp fragment (forward
primer 5-TGCATCGTTAGCTTCTCCTG-3 and re-
verse primer 5-biotin-GCTCTGTGAGGCTGTTCA
AA-3Yunder the following conditions: denaturing at
95°C for 10 min, amplification for 30 cycles at 95C
for 15 sec, 60C for 15 sec and 72°C for 30 sec and fi-
nally 72°C for 10 min. The 1L4 —590 position was
typed by amplifying a 252 bp fragment (forward
primers 5-biotin-GCCTCACCTGATACGACCTG-3'
and reverse primers 5-GGGGCTCCTTCTCTGCA
T-3") under the following conditions; denaturing at
95°C for 10 min, amplification for 32 cycles at 95T
for 15 sec, 62°C for 15 sec, 72T for 30 sec and then
finally extension at 72°C for 10 min. All PCR prod-
ucts were run on 1% agarose gel to detect ampli-
fied fragments and visualized with UV illumination
after staining with ethidium bromide. Template-

free controls were included in each experiment.

Pyrosequencing

For both positions (IL4 +33, —590), the PCR
products were immobilized on sireptavidin-
sepharose paramagnetic beads (Amersham Bi-
oscience, Sweden) and the strands separafed using
0.2 M NaOH. After separating the supernatant, 10
pmol of sequencing primer was added and annealed
to the captured strands. The pyrosequencing
primer sequences were 5-TGTCCACGGACACA-3'
and 5-CCCAGCACTGGGG-3 for +33 and —590 po-
sitions respectively. The reactions were performed
in a 96-well plate. The primed single-stranded DNA
templates were then transferred to the microtitre
plate-based PSQ™ Pyrosequencer, where real time
sequencing of the TL4 gene was performed. Prior to
this, an optimum dispensation order was deter-
mined and selected positions with mutations in the
entire codon were detected after running the sam-
ples.

IgE antibody measurements

Levels of total IgE and P. falciparum-specific IgE
were determined in study subjects from Aneityum
and Malakula using ELISA as previously de-
seribed®. A quarter (19 ul) of one blood spot dried
on filter paper was extracted in phosphate-buffered
saline with 05% bovine serum albumin (Fraction
V, Boehringer Mannheim, Mannheim, Germany).
For specific IgE, antigen was prepared from ma-
ture stages of the P. falciparum laboratory strain
F32.

Statistical analysis

Allelic frequency distribution was tested accord-
ing to the Hardy-Weinberg equilibrium by y* test.
The ¥* test was also used to test for linkage dise-
quilibrium of polymorphisms using observed and
expected allele frequencies. The t-test was used to
compare log-transformed IgE levels in different
groups. The SPSS ver. 11 statistical package was
used for the statistical analysis. P values less than
0.05 were considered significant.

Ethical considerations

The study was approved by the Department of
Heslth, Vanuatu and the ethics committee of Tokyo
Women's Medical University (No. 69). Study sub-

jects were briefed on purpoeses and procedures of

-166-



37

Table I Polymorphisms in IL4 gene on 3 islands in Vanuatu: Malakula {meso-endemic), Aneityum {(meso-endemic

with intervention), and Futuna {(non-endemic)

114 590 _ IL4 +33
. - T allele T allele
n cc c1 T frequency cc cT T frequency
Malakula 269 150 (56) 95 (35) 24 (9 0.27 260 87 (34) 144 (55) 29 (11) 0.39
Aneitvam 472 177 (37) 220 (4T 75 (16} 0.39 38 97 (25) 210 (%) 78 (20) 048
Futuna 137 74 (54) 48 (35) 15 (1) 0.28 105 44 (42) 41 (39) 20 (19) 0.39
Total 878 401 (45) 363 (42) 114 (13) 0.34 750 228 (30) 395 (53) 127 (17} 043

Percentages are in parentheses.

Table 2 Age-specific geometric mean IgE levels on Aneityum and Malakula
Aneityum Malakula
Age group I > falcinarimn-
(years old) n Total IgE l:bfglccgglfgg n Tomi IgE ]gl_{gci%?[lgg
(ng/ml) (ng/mi) (ng/ml) (ng/mi)
0-5 48 508 0.9 36 424 335
6-15 41 1720 0.97 87 2,208 303
16-30 34 1,882 0.91 36 2,752 3.60
> 30 37 1772 0.93 - - -

Table 3 Association between 114 polymorphisms and IgE levels in subjects aged older than 5 years on Malakula

and Aneityum

1L4 -590 IL4 +33
(imean llféang Jini) Malakula Aneityum Matakula Aneityum
cC CT/TT p cc  CI/TT p cc  CT/TT p cc CI/TT p
(n) (45) (3D (18) (36) (19} (57 (15) (39)
Total 3.46 3.36 0.498 318 324 0702 352 3.38 0.315 307 328 0171
P, falciparum-specific  0.51 052 0925 - 01 0 0.111 057 03 0.209 - Q.14 0 0.028*

*gignificant.

the survey and a written informed consent was ob-
tained from each adult subject while in the case of
children by their guardians who determined the
child’s participation.
Results

Genotypes and allele frequencies

Table 1 summarizes the distribution of genotypes
and allele frequencies of the two IL4 polymorphic
positions in the study populations. A total of 878 and
750 samples were typed for IL4 —590 and +33, re-
spectively. In Malakula, Aneityum and Futuna, T
allele frequencies were 0.27, 0.39 and 0.28 for IL4
=590 and 039, 048 and 0.39 for 1IL4 +33, respec-
tively. Genotype distributions of both —590 and +33
positions were in agreement with the Hardy-
Weinberg equilibrium (p<(0.05). In ail islands, the
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frequency of the homozygous TT allele was the
lowest. Comparisons between islands for the geno-
type CC alone vs CT/TT revealed significantly
higher frequencies of CT/TT genotypes in Ane-
ityum than in Futuna for both =590 (p<0.001)
and +33 positions (p<0.01) . However there was no
significant difference between Malakula and Fu-
tuna in these frequencies, There was a significant
linkage disequilibrium between the —530 and +33
positions (p<<0.001).

IgE levels

Table 2 summarizes age-specific distribution of
geometric mean total and P. falciparum-specific IgE
in subjects from Aneityum and Malakula. In both is-
lands total IgE values are significantly higher in
subjects >5 years old than those =<5 vears old.
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Among age groups >5 vears old, IgE levels were
not significantly different. Hence the subsequent
analysis on association between L4 polymorphisms
and IgE levels was conducted for subjects >5 years
old. Age effect was not observed for specific IgE
levels in both islands. In each age group mean spe-
cific IeE value was significantly higher in Malakula
than in Aneityum.
Associations between IL4 polymorphisms and
1gE levels
Table 3 summarizes associations between car-
riage of a T allele (CCvsCT/ TT) and serum IgE
Jevels (total and P. falciparum-specific) at the two
polymorphic sites. We detected a significantly
higher P. falciparum-specific IgE level in IL4 +33T
allele carriers (CT/TT) than non carriers (CC) in
Aneityum (p<0.05) . This relation was not observed
in subjects from Malakula.
- Discussion
This is the first report to describe the degree of
IL4 polymorphisms in Melanesian population and

also to demonstrate an association between car-

riage of the mutant T allele and elevated levels of -

malaria-specific IgE.

The IL4 promoter mutant allele frequencies ob-
served in Vanuatu were rather unique and different
from those previously reported in other geographi-
cal populations. The observed mutant allele fre-
quencies lay between higher values in Asian popu-
lations and rather lower values in Caucasian and
Sub-Saharan populations. A study in Japanese sub-
jects revealed that the frequency of the IL4 +33
mutant allele was 0.7 in asthmatic patients™. An-
other study in Taiwan depicted a similar high fre-
quency of 0.78 of the IL4 —590T in patients with
systemic lupus erythematosus®. In Caucasians
lower frequencies (0.13 and 0.15) of the —590T allele
were reported in asthmatic patients in Germany™
and UK™, respectively. Relatively low frequencies
were also reported in populations from Sub-Saharan
Africa with frequencies ranging from 022" to
028" except for the Fulani ethnic group where
0.45 mutant allele frequency was found™.

As an example of ethnically specific genetic pro-
files of Vanuatu populations, we previously re-

ported én unprecedentedly high prevalence of cyto-
chrome P450 (CYP) 2Ci9-related poor metabolizer
genotype individuals on the islands of Vanuatu®. In
addition, there was substantial variation among
populations of Vanuatu. Comparisons of genetic, lin-
guistic and geographic patterns among populations
suggest a strong geographic component to the cur-
rent distribution of CYP2C19 alleles in Vanuatu™.
Previous studies of patterns of malaria incidence
and frequencies of alpha-thalassaemia and G6PD de-
ficiency in the Papua New Guinea ™ and Vanuatu®
have indicated selection on these loci by malaria.

The observed linkage disequilibrium between
C—590T and C+33T in our study is consistent with
the previous finding in a Japanese population®. The
genetic association between single nucleotide poly-
morphisms (SNPs) in the T4 promoter region and
elevated levels of total serum IgE or IgG have been
documented by several workers™®® . In addition,
the clinical significance of IL4 polymorphisms in dis-
ease sequels has been reported in malaria™**" and
in asthma®™.

QOur study found a significant difference in fre-
quencies of T allele carriers for both mutant alleles
between meso-endemic Aneityum and non-endemic
Futuna. Furthermore in Aneityum there was a sig-
nificant association between the carriage of IL4
+33T allele and mean concentrations of P.
falciparum-specific IgE. The observations in Ane-
ityum suggest the role of IL4 promoter polymor-
phisms in up-regulating P. falciparum-specific IgE
serum levels in the study subjects. A similar rela-
tion but with different repertoires was observed in
a case-control study in West Africa, where the IL4
—590T allele frequency of 0.22 in one ethnic group™
and a rather high frequency of 045 in another
group (the Fulani) were found with association of
elevated P. falciparum-specific IgG levels™. In the
same region, the severity of malaria in children was
also found to be associated with elevated levels of P.
falciparum-specific IgE®.

However in our study the mutant allele frequen-
cies in another meso-endemic Malakula were simi-
lar to those in Futuna, suggesting selection towards

IL4 mutation due to malaria endemicity is not uni-
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versal.

Although we could not detect any significant as-
sociation between the IL4 T aliele carriage and total
IgE, in earlier studies in Sub-Saharan Africa this as-
sociation was found significant™®'. Discrepancy be-
tween our study in Melanesia and the previous
studies in Sub-Saharan Africa can be explained
mainly by regional differences of environmental fac-
tors which contribute to total IgE levels, including
repertoires of helminthes infections. There are also
differences of degree of malaria disease severity in
study subjects. While the study in Sub-Saharan Af-
rica was conducted mainly on symptomatic cases
including cerebral malaria, our study in Vanuatu
was on asymptomatic parasite carriers.

The association between 1.4 polymorphisms and
specific IgE levels detected in Aneityum was not
observed in Malakula, although both islands are po-
tentially meso-endemic. This discrepancy may be
explained by differences of malaria situations in the
previous years. In Aneityum an integrated malaria
control program was introduced in 1991 and a
nearly malaria-free situation was maintained at the
time of the survey, while in Malakula malaria trans-
mission was continuous without any effective con-
trol measure. The observed difference of P.
falciparum-specific 1gE levels represents difference
of transmission between two islands, while similar
levels of total IgE are due to other common infec-
tions including intestinal helminthes, The difference
of transmission might result in different immune re-
sponse and persistence between Aneityum and
Malakula, including P. falciparum-specific IgE levels.

In Aneityum we could not observe any difference
of specific IgE level between subjects older than 5
years and those under 5 years, who have never
been exposed to malaria, suggesting cross reactiv-
ity and limited role of specific IgE in asymptomatic
subjects in our studies. It is obviously interesting to
investigate relation between IL4 polymorphisms
and IgE levels in severe malaria patients on these
islands in future. In conclusion, this is the first re-
port on the 1.4 promoter polymorphisms in Melane-
sian populations. The observed mutant allele fre-
quencies lay between higher values in Asian popu-
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lations and rather lower values in Caucasians, The
data suggest that IL4 promoter polymorphisms
may be one of the genetic factors that explain asso-
ciation between malaria disease and IgE. However,
further investigations are necessary to clarify the
implications of these polymorphisms on malaria dis-
ease manifestations in Melanesia,
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SUMMARY: Cerebral malaria (CM) is a serious complication of Plasmodium falciparum malaria, and its patho-
genesis leading to coma remains unknown. Heme oxygenase-1 (HO-1) catalyzes heme breakdown, eventually
generating bilirubin, iron and carbon monoxide. The HO-1 gene promoter contains a polymorphic (GT), repeat
which may influence the expression level of HO-1. To explore the correlation between this (GT), polymorphism
and susceptibility to CM, we analyzed the frequencies of the (GT), alleles in 120 Myanmarese patients with
uncomplicated malaria (UM) and 30 patients with CM. The frequency of homozygotes for the short (GT),
alleles (<28 repeats) in CM patients was significantly higher than those in UM patinets (P < 0.008, OR =3.14).
Thus, short (GT), alleles represent a genetic risk factor for CM.

INTRODUCTION

Cerebral malaria (CM) is the most serious complication of
malaria caused by Plasmodium falciparum, manifesting as
coma. CM may be related to the sequestration of infected red
blood cells (RBCs) to the cerebral microvasculature (1,2). The
adherence of parasitized RBCs to the vascular endothelium
may result in local ischemia and hypoxia, microhemorrhage
and the release of hemoglobin after hemolysis of parasitized
erythrocytes (1-3), leading to CM in certain susceptible indi-
viduals. However, in addition to the effects of direct parasite
sequestration, the possible role of host and parasite metabolic
processes in inducing coma has begun to attract considerable
interest.

Patients with malaria must cope with excess amounts of
cellular and plasma hemoglobin, because a large number of
infected and uninfected RBCs are destroyed in the spleen or
rupture in the blood stream. Free hemoglobin can serve as a
biological Fenton’s reagent to provide iron for the genera-
tion of hydroxyl radicals (4,5), and is therefore quickly
removed from circulation by haptoglobin and taken up by
macrophages. Within a cell, hemoglobin is dissociated into
heme and globin, and the heme moiety is cleaved to gen-
erate iron, carbon monoxide (CO) and biliverdin by heme
oxygenase-1 (HO-1), a microsomal inducible enzyme (6).
Biliverdin is subsequently reduced to bilirubin, a potent anti-
oxidant (7). The potential beneficial and harmful effects of
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heme breakdown products in falciparum malaria have been
reviewed in a previous study (8).

In the present paper, we analyzed (GT), repeat polymor-
phism in the promoter region of the inducible HO-1 of
patients with CM and with uncomplicated malaria (UM), find-
ing a significant association between homozygotes of short
alleles and CM.

MATERIALS AND METHODS

Subjects: One hundred and twenty Karen patients with
UM (mean age, 23.4 + 8.1; mean hemoglobin, 11.9 £ 2.4 g/
dl) from the Mae Sot Malaria Clinic and 30 patients with CM
(mean age, 23.4 + 8.1; mean hemoglobin, 11.8 + 3.0 g/dl)
admitted to the Mae Sot General Hospital, Mae Sot, Thai-
land were recruited for this study between 1996 and 1997.
UM was defined by a positive smear without any of the
following criteria of severe malaria (3): high parasitemia
(>100,000 parasites/pl), severe anemia (hematocrit <20%, or
hemoglobin <7.0 g/dl) or coma., CM was diagnosed by coma
without any other recognized cause of altered consciousness.
The protocol, including the informed consent form, was
approved by the ethical review committee of the Ministry of
Health of Thailand and by the institutional review board in
Nagasaki. All procedures were appropriately explained to
patients in their own language.

Extraction of genomic DNA: Genomic DNA was extracted
from 1 ml of peripheral venous blood with 0.05 M EDTA
using a DNA extractor kit (Wako Pure Chemicals, Osaka,
Japan).

Microsatellite polymorphism: To amplify the (GT),
microsatellite located at position -270 of the HO-1 gene
(9), a fluorescein-conjugated 5° primer (HeOp-1/6-FAM 5'-
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agagectgeagcttctcaga-37) and an unlabeled 3" primer (HeOp-
1/R 5'-acaaagtctggecataggac-3") were used for PCR amplifi-
cation with 35 cycles at 95°C for 30 s, 60°C for 30 s and
72°C for 3 min. An amplicon of at least 148 bp from posi-
tions -165 to -312 of the HO-1 gene was obtained (10). The
size of the PCR products was analyzed with a laser-based
automated DNA sequencer, ABI GeneScan GS-310 (Applied
Biosystems, Foster City, Calif.,, USA), with five cloned
alleles that were labeled with different colors as size mark-
ers. The repeat numbers of these cloned alleles used as size
markers were 21, 23, 25, 28 and 30.

Statistical analysis: The associations between disease
groups and specific classes of alleles, and between disease
groups and genotype groups were analyzed for significance
by the chi-square test of independence by 2 X 2 contingency
table and the P values were corrected using Bonferroni’s
method. Odds ratios (ORs) and 95% confidence intervals (Cls)
were calculated to assess the relative disease risk conferred
by a particular allele and genotype. The age and sex ratios of
subjects with UM and CM were matched in the present study.
Furthermore, all subject were Myanmarese, who represent a
distinct ethnic population.

RESULTS

The number of (GT), repeats in the HO-1 gene was
between 14 and 38 in all subjects. The distribution of the
numbers of (GT), repeats was trimodal, with peaks at 23, 30
and 36 repeats (Figure 1). We therefore grouped the alleles
into three subclasses: short (S) alleles with 14-27 repeats,
intermediate (M) with 28-33 repeats and long (L) with 34 -
38 repeats, as described in the analysis by McGinnis and
Spielman (11). The frequencies of the L, M and S allele groups
were 0.11, 0.45 and 0.44, respectively, in UM patients and
0.05, 0.32 and 0.63 in CM patients. The allele frequencies in
CM and UM were not significantly different.

The frequencies of the genotypes (LL, ML, MM, SL, SM,
SS) of (GT), repeats were 0.0, 12.5, 16.7, 9.2, 44.2 and

a
Gene frequency
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0.11

0.0

14151617 18192021 22 2324252627 2829 3031 32 3334 353637 38
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b
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Fig. 1. Gene frequency of the (GT), alleles in each group.
a, Uncomplicated malaria patients (n = 120); b, Cerebral malaria
patients (11 = 30).

Table 1. Comparison of the genotype frequencies between uncomplicated
and cerebral malaria groups

a. Genotype frequencies

Genotype UM M
n=120 (%) n=30(%)
M/L 15 (12.5) 0( 0.0)
M/M 20 (16.7) 4(13.3)
S/L 11( 9.2) 3(10.0)
SIM 53 (44.2) 11 (36.7)
S/S 21 (17.5) 12 (40.0)

b. Chi-square test for S/S homozygotes in the two patients groups

UM CM . o
Genotype a=120(%) 1 =30 (%) Pvalue OR 95% Cl1
S/S 21 (17.5) 12 (40.0) 0.008  3.14 132-749°

The frequencies of the S/M/L HO-1 promoter (GT), genotypes between
cerebral malaria (CM) and uncomplicated malaria (UM).

Alleles were determined by their GT repeat numbers. L, 34-38 repeat; M,
28-33; and S, 14-27. Genotype was determined by individual combina-
tion of the alleles. SS genotype frequencies were significantly deviated
between two groups.

17.5%, respectively, in UM cases (n = 120), and 0.0, 0.0,
13.3, 10.0, 36.7 and 40.0% in CM cases (1 = 30) (Table 1a).
The frequency of homozygotes for S alleles in the CM group
(40%) was significantly higher than that in the UM group
(17.5%) after Bonferroni correction (P < 0.008; OR = 3.14;
95% CI: 1.32-7.49) (Table 1b).

DISCUSSION

The pathogenesis of CM is complex and multifactorial.
Previous studies indicate that tumor necrosis factor (TNF)-
@ promoter polymorphism is one of the most frequently
reported candidate host factors associated with CM in Africa
as well as in Asia (12-14). In addition to TNF-¢, many other
genes have been postulated to be involved in the pathogenesis
of CM (15-18). The present study is the first to suggest an
association between the length of the (GT), repeat in the HO-
1 gene promoter and clinical presentation of malaria. Indi-
viduals with genes carrying the short repeat were found to be
more likely to present with CM, while those carrying the
longer repeats were marginally more likely to fall into the
UM category. Chen et al. (19) reported that subjects with
the short allele containing (GT), =22 showed 8 times higher
transcriptional activity than those with the (GT) 30 allele
sequence, as determined by luciferase assay using rat aortic
smooth muscle cells. Therefore, a short (GT), in the promoter
may directly enhance the transcription of HO-1 in malaria
patients and the resultant reaction products, CO, iron and
bilirubin, may increase in the brain lesion. Recently, it was
reported that HO-1 protein levels are increased in Durck’s
granuloma, a typical lesion of advanced CM (20). Clark et al.
(21) also reported a more detailed immuno-histochemical
study on the expression of inducible HO-1 protein using many
CM autopsy cases in which monocytes or macrophages in
the brain and lung and the Kupffer cells in the liver systemi-
cally expressed HO-1. It is not clear what induced HO-1 or
how it relates to pathology, however, excess amounts of
catalytic product CO might impair neuronal activity as a toxic
gas or might disrupt the complex neuronal network as a
neural messenger (23,24). Additionally, there have been a
number of reports suggesting the toxic effect of free iron in
patients with CM. Gordeuk et al. reported that iron chelation
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therapy enhances recovery from deep coma in CM (24) and
that increased transferrin saturation may be associated with
delayed recovery from coma during standard therapy (25).
These findings suggest that the excess free iron directly
contributes to the pathogenesis of CM.

In chronic inflammatory diseases, short alleles are less
associated with severe pathology, while in the present study
they were significantly associated with CM, a severe mani-
festation of infection. Yamada et al. reported that short
(GT), alleles are protective against smoking-induced emphy-
sema (26) and restenosis after percutaneous transluminal
angioplasty in arterial occlusive diseases (27). They showed
that long (GT), repeats reduced the level of HO-1 induction
by oxidative stress in cultured cells and that short (GT),
alleles are likely to provide anti-inflammatory activities of
heme breakdown products (26). It is therefore conceivable
that short (GT), alleles might provide older individuals
with protection against chronic inflammatory processes. In
malaria, it has not yet been determined how HO-1 is involved
in the pathogenesis of CM and what tissues are involved in
this HO-1 related event. Furthermore, regulation of promoter
activity by the length of a microsatellite may differ between
tissues. This may explain why the resistant short allele in lung
and vascular diseases is susceptible to CM, (26,27) though
there exists the possibility that unknown causative single
nucleotide polymorphisms (SNPs) are present in linkage
disequilibrium with this microsatellite allele.

Transcription of the HO-1 gene is under the regulation of
the fine tuning system that includes the Bach-1 repressor (28)
and (GT), spacer polymorphism. To confirm our findings,
further studies are needed, using larger populations and
different ethnic groups, and examining the linkage between
genotype and phenotype. Nevertheless, we can say here that
the repression of HO-1 expression by pharmacological means,
such as competitive inhibitors of HO-1, might provide a
useful adjunct to the treatment of CM (29).
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Associations between frequencies of a susceptible TINF-o
promoter allele and protective a-thalassaemias and malaria
parasite incidence in Vanuatu
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Summary Tumour necrosis factor-alpha (TNF-¢) is one of the key cytokines that influence the pathology of

microbial infections. The genetic susceptibility to severe forms of falciparum malaria is differentially
associated with TNF-x promoter gene polymorphisms (TNEP alleles). In a previous study, we identified a
TNFP-allele characterized by a C to T transition at position ~857 (TNFP-D allele) as a marker for
susceptibility to cerebral malaria in Myanmar. The frequencies of TNEFP alleles on six islands of
Vanuatu, Melanesia (South-west Pacific) were estimated to investigate whether malaria selection
pressure on this susceptibility marker has influenced its prevalence. Within the archipelago of Vanuatu
there is a decreasing cline of parasite incidence from North to South. Of the four alleles of the TNFP
gene detected in Vanuatu, the TNFP-D allele frequencies were inversely correlated with the parasite
incidence of islands; TNFP-D varied from 0.55 on the island with the lowest parasite incidence to 0.26
on the island with the highest parasite incidence (r = —0.855, P = 0.03). We also observed a significant

correlation between the frequencies of o-thalassaemia alleles, thought to protect against malaria and
parasite incidence in the same populations. These data are consistent with a.previously reported
correspondence between the frequencies of glucose 6-phosphate dehydrogenase (G6PD) deficiency and
parasite incidences on the islands of Vanuatu (Kaneko et al. 1998) and indicate that the degree of
malaria endemicity has influenced the allele frequencies of at least three loci that confer both
susceptibility (TNFP-D) and protection (x-thalassaemias and G6PD deficiency).

keywords malaria, selection, TNF-v, o-thalassaemia, Melanesia

Introduction

A number of studies have indicated that parasite incidence
has influenced the frequencies of susceptible or resistant
genes within populations. The loci thought to confer
resistance to malaria include haemoglobin alleles such as
sickle cell trait in Africa (Allison 1954), a-thalassaemias in
the Mediterranean and in Asia (Beaven et al. 1961), and
ovalocytosis in South-east Asia (Baer et al. 1976). In
Melanesia, a-thalassaemia allele frequencies were signifi-
cantly correlated with altitude and latitude indicating long-
term malaria selection pressure {(Hill ez al. 1985; Flint ez al.
1986; Roberts-Thomson et al. 1996). Genetic variants of
immunity-related genes (e.g. major histocompatibility
complex, immunoglobulin, cytokine, chemokine, adhesion
molecule, and complements) have also been postulated to
influence susceptibility to malaria (Gimenez et al. 2003).
Of these immunity-related molecules, tumour necrosis
factor-alpha (TNF-a) is a pro-inflammatory cytokine that
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plays an essential role in the protection against many
infectious diseases, but is also fatal in excess (Beutler et al.
1993; Knight et al. 1999). An association between single
nucleotide polymorphisms (SNPs) in the TNF-o promoter
region (TNFP) and susceptibility to malaria has been
observed in several studies. In Africa, the severe form of
malaria was associated with the TNFP —-238A allele
(McGuire et al. 1999) whereas cerebral malaria (CM) was
associated with the TNFP —308A allele in the same
population (McGuire ef al. 1994). In Myanmar patients,
we reported a strong association between CM and TNFP-D
(Ubalee ez al. 2001). TNFP-D is characterized by a Cto T
transition at position —857, the location of an OCT-1
binding site adjacent to a NF-xB binding site (position
—863) (van Heel et al. 2002). The frequencies of glucose
6-phosphate dehydrogenase (G6PD) deficiency of islands
of Vanuatu were significantly correlated with parasite
incidence (Kaneko et al. 1998). In this study, we investi-
gated whether the frequencies of the TNFP-D allele
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associated with susceptibility to CM in Myanmar and
a-thalassaemias thought to protect against malaria also
reflects parasite incidences of six islands of Vanuatu.

Materials and methods
Field study

We performed malariometric surveys of children under
15 years of age from 1997 to 2001. As part of the surveys,
blood samples were collected from all examinees with
informed consent from their parents. Finger-prick blood
samples were drawn into heparinized capillary tubes
(Drummond Scientific Company, USA) and then trans-
ferred onto filter paper strips (ET31CHR, Whatman Ltd,
UK). The strips were air dried and then kept in the plastic
bags at —20 °C prior to analysis. A total of 1074 DNA
samples from individuals living on six islands of Vanuatu
with varying malaria endemicity [Malakula (MLK), Pente-
cost (PEN), Espiritu Santo (SAN), Gaua (GAU), Erro-
mango (ERO), and Aneityum (ANT) (Figure 1)] were
extracted using the QIAamp® DNA Mini Kit (Qiagen
GmbH, Germany). The average age of the participants
from each island was 6.3-7.0 years, and the sex ratio was
unbiased. The study was approved by the Department of
Health of the Republic of Vanuatu and Institutional
Ethical Review Board of Japan.

Genotyping of TNF-e 5’-flanking region polymorphisms

A 1042-bp fragment of the 5'-flanking region (position —66
to =1107) of the TNF-« gene was amplified by polymerase
chain reaction (PCR). The PCR reactions and dot-blot
hybridization with sequence-specific oligonucleotide
probes were performed as described previously (Higuchi
et al. 1998). To determine the five SNPs combination
haplotypes, we first identified homozygotes (TINFP-A, B, C
and D) that were then evaluated to resolve heterozygotes
(Ackerman et al. 2003). We then confirmed the four
extrapolated haplotypes by cloning and sequencing as
previously described (Ubalee et al. 2001).

Genotyping of a-thalassaemias

Two o-globin gene deletions of 3.7 kb (=o*7) and 4.2 kb
{(—*?) that are common in Pacific populations (Hill et al.
1985; Roberts-Thomson et al. 1996), were detected by the
multiplex PCR method of Chong et al. (2000) while the
non-deleted allele was confirmed via PCR as described
previously (Sakai et al. 2000). The a7 subtypes (—*” 1,
11 and IIT) were then inferred from Apal restriction
polymorphism patterns (Dodé et al. 1993).
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Statistical analysis

The chi-squared test was used to evaluate whether the
allele frequencies of the populations were in Hardy-
Weinberg equilibrium. The correlations between

TNFP and «-thalassaemia allele frequencies and para-
site incidences estimated as the log mean Annual Para-
site Incidence (API) of the study islands from
malariometric surveys conducted from 1985 to 1990
were evaluated by Pearson’s correlation coeffi-

cient test using the SPSS statistical analysis software
package.

Results

The four alleles of the 5'-flanking region of TNF-u
detected in Vanuatu are shown in Table 1. These

alleles (TNFP-A, B, C and D) were the same four
that were previously found in Japan (Higuchi ez al.
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Figure | Number of individuals and location of the islands.
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