GENOTYPING OF PFCRT AND DHFR IN ASIA

615

Taste 1
Polymorphisms of Plasmodiwm falciparion pfert and dhfr genes in archival ph i from Indochina and the Weslern Pacific between
1984 and 1998*
plert
Indochine ‘Western Pacilic
Date Myanmar Thailand ThulandLacet Laos Indonesis Papea New Guines The Philppines
1984 CVIET (2)
1985 CVMNK (1)
SVMNI (2)
1986 CVMNN (1) SVMNI (3) SVMNI (1)
1987 SVMNT (1)
1988 = =
1989
1990 SVMNT (1)
1991 CVIET (1) SVMNT (1) SVMNT (1)
1992 CVIET (1) SVMNI (1)
1993
1994 CVIEL (1) CVIEL (1) SVMNIL (1)
1995 SVMNT (1)
199
1997 CVIEL (1) SVMNI (1) SVMNI (1)
1998 CVIET (1) CVIDT (1) SVMNT (1) CVIET (1)%
CVIDT (1) CVMNK (1)$
Total (n = 29) 2 4 2 2 3 8 8
dhfr
Indochina Western Pacific
Date Myammar ‘Thailand Thaland/Lacst Lacs Indonena Papua New Cumes The Plubppmes
1984 CIRNI (2)
1985 CNCSI (1)
CNCNI (1)
CNRNI(1)
1986 CNCNI (1) CNCSI (2) CNCSI(1)
CNCNI (1)
1987 CNRNI (1)
1988
1989
1990 CNCSI (1)
1991 CIRNI (1) CNRNI (1) CNRNI (1)
1992 ND(1) CNRNI (1)
1993
1994 ND (1) CNRNI (1) CNRNI (1)
1995 CNRNI (1)
1996
1997 CNCSI (1) CNRNI (1) CNRNI (1)
1998 CNRNI (2) CNRNI (1) CNCNI (1) ND(1)
Total (n « 26) 1 3 2 2 3 8 i §
* Values in parentheses indicate number of samples. Mutated resdues are in bold and underlined pferr = P faleparum chiorog 1 dhfr = ¥

ND = not X
1 Persoms visnited both countnes.
# Mixed mfection of two dutinet pfert penotypes.

the persistence of this resistant genotype in Thailand from at
least 1979 to the present lime. The CVIDT polymorphism, a
variant of CVIET, was reported in Cambodia in 2001 and
2004,°*" and was also detected in two of our 1998 samples
from Laos and/or Thailand. These findings suggest an earlier
presence of this resistanl genolype in central Indochina
(Laos/Thailand/Cambodia) than previously reported. The
Papua New Guinea form of CO-resistant pfert genotype
(SVMNT), was not detected in our limited samples from In-
dochina.

In the Western Pacific countries (Indonesia, Papua New
Guinea, and the Philippines), most samples (n = 16) showed
the CQ-resistant pfert polymorphism SVMNT. This genotype
was detected in a sample from Indonesia from 1991. This date
is much earlier than previous records from Indonesia col-
lected in 1999 and 2002 %% We identified another pfert ge-

notype (CVMNN) from Indonesia in 1986 and it is reported
that this CVMNN mutant exhibits resistance to CQ in vitro
In Papua New Guinea, all samples (n = 8) isolated between
1986 and 1998 showed the SVMNT pfert genotype, which is
consistent with the repart by Mehlotra and others.* In con-
trast, in samples collected from Papua New Guinea between
1956 and 1965, all carried the wild-type pfert genotype.™ Our
results, together with these records, suggest that the SVMNT
genotype, which appeared before 1982, persisted until 1998
(and probably until now). In samples from the Philippines,
the SVMNT genotype was detected in samples from 1985, six
years earlier than the first record of this type in 1991.7 We
also detected the wild-type (CVMNK) pfert genotype in
samples from the Philippines in 1985 and 1998, A substantial
parasite population showed the wild-type pfert genotype
present in 1997,7°7% which suggested the persistence and co-
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Fioure 1. Time-line sch of g idence for P dium falciparum resistance to chloroquine and pyr h in Indochina and

the Western Pacific. Genulypu of A, the Plasmoduam ﬁx!npnmm chloroqunie resistance transporter (pfere) gene and B, the dihydrofolate
reductase (dhfr) gene obtained in this study and previous reports are combined. Genotypes of pfert and dhfr identified in this study are indicated
by a star and those from cultured parasites are shown with the name of parasile strain in matching colors. Frequencies of pfert and dhfr genotypes

are shown in pie charts with ref ber in p
was used as a first-line treatment in Thailand.

prevalence of both CQ-resistant and CQ-sensitive parasite
populations in the Philippines.

Polymorphism in dhfr. Of the 29 samples sequenced for
pfert, 26 samples were successfully sequenced for three dhfr
fragments, encompassing four polymorphic sites. Results are
shown in Table 1 and Figure 1B. The triple mutant Pyr-
resistant dhfr genotype CIRNI was present in samples from
Thailand collected in 1984 (n = 2). This triple mutant dhfr is
identical to the genotype of the Indochina III strain in 1984
(Figure 1).*” Thus, the CIRNI genotype was already preva-
lent as early as 1984 in Thailand. In Laos, the double mutant
Pyr-resistant dhfr genotype CNRNI was first reported in
1999.'* In our study, this double mutant was detected in iso-
lates from Laos from 1994 and 1998 (n = 4), which suggested
the presence of this double mutant in Laos at least five years
earlier than previously recorded. In Myanmar, one sample
isolated in 1997 was wild-type (CNCSI). However in 1999,
dhfr polymorphism reportedly consisted of 90% Pyr-resistant
genotypes (CNRNI, CNRNL, and CIRNL)." It is not known
whether a Pyr-resistant dhfr genotype was present in Myan-
mar before 1999.

In the Western Pacific, the triple mutant dhfr genotype was
not found, but the wild-type, single, and double mutant dhfr
genotypes were detected. Wild-type dhfr was present be-
tween 1985 and 1990 in Papua New Guinea (o = 3) and the

is. The blue arrow in B indicates the period when sulfadoxine-pyrimethamine (SP)

Philippines (n = 2). The Pyr-resistant dhfr (single mutant)
genotype CNCNI was delected in samples from Indonesia,
Papua New Guinea, and the Philippines between 1985 and
1986, and also in one isolate from Papua New Guinea in 1998.
The double mutant dhfr (CNRNI) was obtained from samples
from Indonesia in 1991, Papua New Guinea in 1987, and the
Philippines in 1985. These dates are much earlier than the first
record of this double mutant type in 1996 from Indonesia and
Papua New Guinea.™*? In addition, the presence of these
Pyr-resistant difr mutant genotypes have not been previously
reported in the Philippines.

DISCUSSION

The aim of this study was to obtain genetic evidence of P.
falciparum drug resistance to CQ and Pyr in Indochina and
the Western Pacific between 1984 and 1998, during which
time reports of pfert and dhfr genotypes have been lim-
ited.*** Our results obtained with archival samples present
genetic evidence of resistance of this parasite to CQ and Pyr
during this period. Most of our samples (96%, 28 of 29) had
a CQ-resistanl pfert genotype, and there was a clear geo-
graphic separation of two resistant genotypes: CVIET in In-
dochina and SVMNT in the Western Pacific (Figure 1). Ge-
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netic resistance to Pyr was somewhat lower in frequency
(77%, 20 of 26) than CQ resistance. The fact that Pyr was
introduced in Indochina approximately 20 years later than
CQ for treatment failure of P. falciparum malaria is consistent
with the late spread of Pyr resistance in these areas.'* Also,
single, double, and triple mutants of dhfr were detected. This
situation reflects the present distribution of dhfr polymor-
phism in these areas (Figure 1).

These results of genetic evidence for drug resistance are
generally consistent with the history of clinical resistance in
Indochina and the Western Pacific.*?***? Thus, the present
study has substantiated a widely distributed idea that treat-
ment failures were ascribed to genelic resistance to these
drugs in Indochina and the Western Pacific. We were unable
to find an association of genetic resistance with clinical resis-
tance in our samples because records of drug treatment were
accessible to only two malaria patients: one who traveled to
Thailand in 1992, and the other who traveled to Papua New
Guinea in 1998 (Table 1). The first patient cured after receiv-
ing quinine, and the second patient, who had parasites of the
CVIET type CQ-resistant pfert genotype and the CIRNI type
Pyr-resistant dhfr genotype, died after being treated with qui-
nine and SP.

Additionally, when combined with results of previous re-
ports, our study has three interesting findings. First, a CQ-
resistant pfort genotype (SVMNT) was co-prevalent with a
CQ-sensitive genotype in the Philippines in 1998, which is
consistent with a relatively high prevalence (30%) of the CQ-
sensitive pfert genotype in 1997.%° Treatment with CQ is still
effective in more than half of P. falciparum-infected patients
in this country.** Notably, the persistence of this CQ-sensitive
pfert genotype is in sharp contrast to countries, such as Thai-
land, the Solomon Islands and Vanuatu ®***#* where there is
100% prevalence of the CQ-resistant pfert genotype. Second,
the CVIET pfert genotype was present in 1998 in the Philip-
pines. Together with reports showing the same type in 1991
and 2002,* this finding suggests the persistence of this re-
sistanl type throughout the 1990s in the Philippines. This CQ-
resistant form of pferr was also reported in Indonesia in 1999
and 2002.%2* [t remains to be clarified whether the CVIET
genotype originated independently in the Western Pacific or
was imported from Indochina.®® Third, the CVMNN pfert
genotype was present in Indonesia. One field isolate of this
type was reported from Indonesia in 2002.** Importantly, the
CVMNN mutant, which was obtained from in virre culture
under CQ pressure, showed resistance to CQ.* The pfert
mutant carrying N at residue 76, an amino acid change other
than T that results in CQ resistance, can occur in field isolates.

The efficacy of Pyr in treatment of persons with P. falci-
parum infections and the prevalence of both wild-type and
Pyr-resistant genotypes of dhfr currently vary in the countries
of Indochina and the Western Pacific.'*'**** Together with
these reports, our present finding of the three resistant dhfr
genotypes (single, double, and triple mutants), as well as the
wild-type genotype, between 1984 and 1998 may reflect dif-
ferent histories of the use of Pyr in these areas. Thailand is the
only country that introduced SP as a first-line treatment in the
mid 1970s in Asia.>® However, in vivo/in vitro resistance to
SP reached 100% in the 1980s.” As a result, the drug policy of
Thailand was then switched to mefloquine as a first-line treat-
ment in the mid 1980s.* We identified dhfr triple mutants in
two Thai samples collected in 1984, which is consistent with

the change of drug policy in the mid 1980s. We did nol detect
the dhfr quadruple mutant, which currently accounts for the
highest population of dhfr mutants in Thailand," in our ar-
chival samples. The quadruple mutant was first identified in
samples collected from Thailand in 1995.** We report of dhfr
polymorphism in the Philippines, which shows the wild-type
and resistant-type dhfr genotypes (single and double mutants)
in the 1980s and 1990s.

In conclusion, our analysis of archival samples shows ge-
netic evidence for a wide distribution of P. falciparum resis-
tance to CQ and Pyr in Indochina and the Western Pacific
during the 1980s and 1990s. It also sheds light on the history
of drug resistance in these areas, supporting previous records
of clinical resistance during this period.
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One of the major bottlenecks in malaria research has been the difficulty in recombinant protein
expression. Here, we report the application of the wheat germ cell-free system for the successful produc-
tion of malaria proteins. For proof of principle, the Pfs25, PICSP, and PIAMAIL proteins were chosen.
These genes contain very high A/T sequences and are also difficult to express as recombinant proteins. In
our wheat germ cell-free system, native and codon-optimized versions of the Pfs25 genes produced equal
amounts of proteins. PFCSP and PTAMAI1 genes without any codon optimization were also expressed, The
products were soluble, with yields between 50 and 200 pg/ml of the translation mixture, indicating that the
cell-free system can be used to produce malaria proteins without any prior optimization of their biased
codon usage. Biochemical and immunocytochemical analyses of antibodies raised in mice against each
protein revealed that every antibody retained its high specificity to the parasite protein in question. The
development of parasites in mosquitoes fed patient blood carrying Plasmodium falciparum gametocytes and
supplemented with our mouse anti-Pfs25 sera was strongly inhibited, indicating that both Pfs25-3D7/WG
and Pls25-TBV/WG retained their immunogenicity. Lastly, we carried out a parallel expression assay of
proteins of blood-stage P. falciparum. The PCR products of 124 P. faleiparum genes chosen from the
available database were used directly in u small-seale formal of transcription and translation reactions.
Autoradiogram testing revealed the production of 93 proteins. The application of this new cell-free

system-based protocol for the discovery of malaria vaccine candidates will be discussed.

Plasmodium falciparnum is the protozoan responsible for the
widespread return of malaria to tropical countries, particularly
in Africa. This reemergence is generally credited to two causes:
the development of multidrug-resistant parasites and the de-
velopment of insecticide-resistant mosquitoes (10). Through
decades of work, scientists have learned that vaccination could
be a potent curative, but efforts to develop a successful vaccine
have not yet succeeded (25). One of the bottlenecks in vaceine
development is at the malaria protein production step and is
mainly due to the lack of a methodology to enable preparation
of quality proteins in an efficiemt manner. P. falciparuni genes
have a very high A/T content (average, 76% per gene), and a
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suyama, Ehime 790-8577, Japan. Phone: 81-89-027-8277. Fax: 81-89-
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1 Present address: Department of Protozoology, Institute of Tropi-
cal Medicine, Nagasaki University, Nagasaki 852-8523, Japan.
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number of them encode repeated stretches of amino acid se-
quences (8); these features have been proposed as the major
factors limiting P. falciparum protein expression in cell-based
systems. Moreover, the presence of glycosylation machinery in
cukaryotic cell-based systems can produce inappropriately
glycosylated recombinanmt malaria proteins, resulting in in-
correct immune responses (9. 21, 26). In fact, the three
pioneering genome-wide studies on the production of P.
falciparum proteins in cell-based systems faced serious prob-
lems. For instance, Aguiar et al. (1) were able to obtain
expression in Escherichia coli cells of only 39 of 292 malaria
genes cloned into the glutathione S-transferase (GST) [u-
sion vector. Mehlin et al. carried out an even more chal-
lenging trial in which 1,000 genes encoding relatively small
(<450 amino acids) malaria cytosolic proteins were ex-
pressed in E. coli (24). In that study only 30% of the genes
were expressed and only 6.3% of the proteins were soluble,
yielding 0.9 mg to 406 mg of protein per liter of culture
medivm. The other approach used an engineered E. coli
strain with IRNAs genetically supplemented to allow read-
ing of the high number of A/U codons in malaria mRNA
(31). A significant improvement in protein solubility, up to
20.9%, was observed (38 out of 182 proteins tested were
soluble). However, although the E. coli translation system is
known to support folding of prokaryotic and small eukary-
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otic proteins, the multidomain proteins common in eu-
karyotes tend to fold incorrectly in the E. coli system,
resulting in the formation of inclusion bodies.

Through decades of laborious work, scientists have identi-
fied three leading vaceme candidates from the pool of £. fal-
ciparum proteins: Pfs25 (19), PICSP (S, 12, 34), and PIAMAI
(6, 11). Pfs25, a zygote/ookinete surface protein, is a promising
candidate as a transmission-blocking vaccine. This protein is
composed of four tandem epidermal growth factor-like do-
mains, containing three putative N-linked glycosylation sites
beside a signal peptide for the attachment of a glycosylphos-
phatidylinositol moiety (GPI anchor) at the C terminus. These
characteristics render Pfs25 very difficult to express (18, 20).
PICSP. with its biased codon usage and lopsided amino acid
composition, allows for only a minute amount of protein to be
expressed in E. coli cells (34). The other antigen candidate is
the PFAMAL gene, which codes for a type 1 integral membrane
protein of merozoites and is also difficult 10 express. Only a
synthetic and codon-optimized gene has produced a fairly large
amount of PTAMAI protein in E. coli cells. Furthermore, a
series of labor-intensive and technically complex refolding pro-
cesses of the aggregates were required to use the protein as an
antigen (6). The fact that only a few vaccine candidates are
currently available (23) is most likely the result of difficulties in
expressing malarial antigens in high quantity with their correct
conformation.

We previously developed a wheat germ cell-free protein
synthesis system for practical use in protein production. The
system is especially powerful when used for the production of
cukaryotic proteins because of its eukaryotic nature. We es-
tablished two wheat germ cell-free protein protocols for prac-
tical use. The first can be used to produce a small amoum of
protein from a large number of cDNAs, in parallel, for the
examination of product qualities and for the genome-wide
biochemical annotation of gene products. In this approach, the
templates for transcription are constructed using the split-PCR
approach (29). The solution resulting from transcription is
then directly used as the mRNA source in the small-scale
bilayer translation system (28). The second protocol enables
the production of large quantities of proteins. In this case,
suitable gene products are first selected using the small-scale
parallel production method and subsequent functional screen-
ing. Genes of interest are then cloned into the pEU plasmid
(29), and the mRNA is transcribed. In the translational step,
the protein production employs either the bilayer or the dis-
continuous batch translation method. The bilayer method has
acceptable performance for the production of hundreds of
micrograms of protein. Since 150 mg of a control protein in a
reaction volume of 50 ml was produced in 5 h with the latter
reaction method, the cell-free method can be scaled up (27).
The system has been acknowledged in the fields of structural
and functional genomics of eukaryotes (7, 32) and has proved
advantageous due to its capacity to yield high-quality proteins,
Taken together, the system seems to be powerful when used
for the production of malaria parasite proteins, as no glycosyl-
ation takes place during the standard reaction. However, 1o
date, there is no Good Manufacturing Practice facility for
production of recombinant proteins for clinical studies vsing
the wheat germ cell-free system in the world. In the present
study. we first tested the versatility of the wheat germ cell-free

CELL-FREE MALARIA PROTEIN EXPRESSION 1703

syslem using as control models the leading vaccine candidate
genes from P. falciparum. In addition. a series of experiments
was conducted to prove the value of the system for the parallel
expression of malaria proteins. The results presented here
suggest that the wheat germ cell-free system may be useful as
an additional protein production method in the field of 2
falciparum research.

MATERIALS AND METHODS

Genomic cloning and ion of genes ding M ts of Pfs23,
PICSP, and PIAMAL The nucleotide sequences for the sngm[ peptide and the
GPI anchor were excluded from the expression constructs for genes encoding
the PICSP and Pfs2S proteins. The tr Led of the PICSP and
Pfs25-3D7 genes were amplified by PCR from the genomic DNA of the P
Jaleiparum 3D7 strain and subcloned inte pELUS (3 vector carrying the C-
terminal His, tag) (29) at the EcoRV site. The gene encoding Pfs25-TBV was
8 generous gifl from Anthony W. Stowers (NIAID, NIH. Rockville, MD)
(35). P{s25-TBV, a synthetic version of the Pfs25 gene, was codon optimized
for expression in the yeast Saccharomycrs cerevisiae, and the replacement of
Asn with Gln at three N-glycosylation sites was performed (20). DNA en-
coding full-length PIAMAL prolein was amplified from the genomic DNA of
P. falciparum 3D7 and cloned into pELXE01-GST (a vector with an N-
terminal GST tag followed by 2 lobacco elch virus protease cleavage site)
between the Xhol and BamHI sites. These pEL! plasmid vectors are the
expression vectors designed specifically for the wheal germ cell-free system
(16). The inserted nucleotide sequences were confirmed using the ABI
PRISM 310 Genetic Analyzer and the BigDye Terminator v1.1 Cycle Se-
quencing kit (Applied Biosystems, Foster City, CA)

Parallel construction of the DNA template from the parasite RNA. We se-
lected 124 genes tated as dominantly exp: d in the blood stages of F'
falcipanam based on the microarray dato integrated In the PlasmoDB database
(hupc/www plasmodb.org) (see Table SI In the supplemental material). Ex-
tracted total RNA from P. falciparum 3D7 asexual blood-stage parasites was
reverse transcribed into cDNA by using SuperScript [1] reverse transcriplise
(Invitrogen, Carlsbad. CA), and PCR amplification was performed using LA Tag
DNA polymerase (Takara Bio, Otsu, Japan). The 5' primers were designed as
46-mers: 16-mer nucleotide sequences (5'-CCACCCACCACCACCA) as the S1
tag sequence followed by a 30-mer of unique sequence covering cach §' open
reading frame containing the start codon. For the 3 primers, }-mer nucleotide
sequences covering ench unigue sequence upstream from the termination codon
were prepared. The PCR prod were then cloned into the pCR2.1 plasmid
using a TOPO TA cloning kit (1 gen), and their seqi at both ends
were confirmed. Translation templates were prepared by in vitro transcription
from PCR products amplified by the split-primer PUR method described earlier
(29).

Production and purification of the Pfs25-3DTWG, PIs25TBVWG, PICSP/
WG, and PIAMAIWG proteins. We employed the wheat germ cell-free protein
expression system for protein production using the bilayer translation reaction
method described previously (28), Briefly, 250 wl of transcription mixture con-
taining 25 pg of the plasmid DNA, 80 mM HEPES-KOH, pH 78, 16 mM
magnesium acetate, 2 mM sp fine, 10 mM dithiothreitol, 2.5 mM each of
nucleoside triphosphates, 250 L of SP6 RNA p (P Madi
W1), and 250 U of RNasin (Promega) was irwubuTctl for 6 hat 37°C. After the
incobation, the transcription solution ¢ ibed mRNA was mixed
with 250 pl of wheat germ extract (60 A, u.nlu) supplemented with 2 ul of
20-mgyml creatine kinase in a single well of a six-well plate. The 5.5-ml subsieate
mix (30 mM HEPES-KOH, pH 7.8, 100 mM potassium acetate, 2.7 mM mag-
nesium acetate, 0.4 mM spermidine, 2.5 mM dithiothreitol, 0.3 mM amino acid
mix 1.2 mM ATP, 0.25 mM GTP, and 16 mM creatine phosphate) from the
ENDEXT Wheat Germ Expression S kit (CFS Co,, Lid., Matsuyama, Japan) was
then added on top of the translation mix and incubated at 26°C for 12 h Alter
incubation, the reaction mixture was centrifuged al 21,900 ~ g for 20 min.
Recovered supernatants were passed through Amicon Uiltrs centrifugal filter
units (10-kDa molecular mas cutofl) {Mﬁltpnu, Billerica, MA) 10 replace the
translation buffer with p buffered saline. The ples containing the
synthesized Ps25- 1[)‘-'!\#(:, PrL.S TBV/WG, and PICSP/WG proteins were pu-
rified using the Ni-mirilotriacetic acid agarose column (Qiagen, Valencia, CA)
The PIAMAI/WG protein was purified by passing (he supernatant through the
glutathione-Sepharose 48 column (GE Healihcare Bio-Sciences, Piscatawny,
NI} fallowed by tobacco etch virus p (Invitrogen) cf to remove the
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F1G. 1. SDS-PAGE analysis of the proteins expressed in the wheat germ cell-free system. Ps25-3D7/WG (A), Ps25-TBV/WG (B). PICSP/WG
(C), and PIAMA /WG (D) were separated on SDS-12.5% polyacrylamide gels under reducing conditions and stained with Coomassie brilliant
blue. The samples in each gel were as follows: total reaction mixture (lane 1), supernatant and precipitated fractions after brief centrifugation
(lanes 2 and 3, respectively), and unbound and affinity-purified proteins (lanes 4 and 5, respectively). Products and purified proteins are indicated

by arrows and arrowheads, respectively

GST tag Concentrations of affinity-purified proteins were determined using the
Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA). Protein sam-
ples wete separated by sodium dodecyl sulfnte-polyncrylamide gel electrophore-
sis (SDS-PAGE) under reducing conditions (22), and the bands were visualized
with Coomassie brilliant bive. Purified protein samples were stored in aliquots at

S0'C until further use. For parallel protein synthesis from 124 malaria genes,
the transcription and transiation reactions were performed by a method similar
1o that described above, The 125l substrate mixture was overlaid on top of the
25l transtation mixture g transcribed mRNA in the presence of
L5 MC Leu (11,1 kBg: 15 GBg/mmol of Leu). The reaction was performed in
S-well plates, Proleins were separated by SDS-PAGE and identified by auto-

diography using an imaging anatyzer (BAS-2500; Fujifilm, Tokyo, Japan). The

y of each product was exp i as the percentage of trichloroaceli
acid-insoluble radionctivity (counted using 3 liguid scintillation counter |LSC-
6100, Aloka, Mitaka, Japan]) in a supernatant fraction recovered from centrif-
ugation at 21,900 - g for 20 min compared to that of the total reaction mixture
The amoun of target protein was estimated using the following formula where
count is the radioactivity of the protein produced, Leu is the number of Leu
residues in the protein, used 1o estimate the moles of Leu incorporated, MW is
mokecular weight, and ratio {s the ratio of intensity of 3 specific protein band 10
the total inteénsity of bands on the 1i : protein con
countleu ~ MW  muo.

Preparation of antiserum. Groups of female BALB/c mice (five mice in each
group) were subcutaneously immunized three times in the 181, 3rd, and Sth weeks
with 10 pg of affinity-purified proteins emulsified in Freund's adjuvant. As the
control & group of mice was administered GST in Freund's adjuvant, using the
same protocol as described above. Antiserum p was as described
elsowhere (2)

Preparstion of P. falciparum ascxual blood-stage parasites, ookinetes, and
sporegoites. A mature schizont-rich fraction was obtained from cultured P
falciparum strain 3D7 (30). Parasite pellets were kepl at —80°C until extract
preparation.

To obtain ook and sp of P. falcy we used parssites de-
rived from gatient blood. The use of all human materials in this study was
reviewed and approved by the Institutional Ethics Committee of the Thai Min-
istry of Public Health and the Human Subjects Research Review Board of the
United States Army. Peripheral blood was collected with heparinized syringes
under written informed consent from patients who came Lo the malaria clinies in
the Mae Sod district, Thailand. Infection with P falcipanim was confirmed by the
microscopic observation of Giemsa-stained thick and thin blood smears. The
gametocytemic patient blood was divided inlo two parts. One was used to grow
Zygotes/ookinetes in vitro for both Western blotting and immunocytochemical
analyses. and the other hall was subjected 10 propagation of sporozoites in
mosquitoes for two further analyses, as described elsewhere (33) Western biot

lysis and hemistry were performed as described previously

(3, 17)

Transmission-blocking assays, We collected 20 ml of peripheral blood from 8
yolunteer patient, Blood was divided into aliguots (300 plitube) and briefly
centrifuged, and plasma was discarded. Mouse immune séra against both Pls2s.

IDTWG and PE2S-TBV/WG were serially diluted with heat-inactivated normal
human serum prepared from malania-naive donors Next, 180 ul of each diluted
solution was added to the . falciparum-infected blood cells and incubated for 15
min al room temperature. The mixtire was placed in a2 membrane feeding
apparatus kept at 37°C 1o allow Anopheles dines A mosquitoes to feed on the
blood in each apparatus for 30 min. Fully engorged mosquitoes were main
tnined for i week in the insectary, Oocyats that developed within the midgut
were counted from 20 randomly selected mosquitoes The Kruskal-Wallis test
was applied o examine the differences in 0ocyst counts per mosguita batween
immunized groups and the control group fed on mouse serum rased agains!
GST. Prabability values (P) of less than (.05 were considered stutistically
significant

RESULTS AND DISCUSSION

We were able to successfully express the Pis25/WGs, PICSP/
WG, and PIAMAL/WG proteins using the wheat germ cell-
free system. Expression of the PIs25 (P(s25-3D7/WG) protein
from a gene with a native nucleotide composition was shown by
subsequent SDS-PAGE analysis (Fig. 1A) to be comparable in
amount to that of Pfs25-TBV/WG (Fig. 1B) expressed from
the codon-optimized synthetic gene. On the SDS-polyacryl-
amide gels, two protein bands appeared at 20 kDa, the ex-
pected mobility of the Pfs25 truncated form. lacking the signal
peptide and the GPI anchor. Almost all of the PIs25-3D7/WG
protein from the biased DNA was recovered in the supernatant
fraction (Fig. 1A, lane 2) and was easily purified as a single
dominant band along with other nonspecific faint bands by
affinity chromatography (Fig. 1A, lane 5). The amount of pu-
rified P{s25-3D7/WG was 35 pg per 6.0 ml of the reaction
mixture, while that obtained from the codon-optimized gene
was comparable, at 30 pg protein per reaction mixture. These
results demonstrate thal the wheat germ cell-free system that
we employed produced equal amounts of proteins with and
without prior optimization of their biased codon usage in the
DNA. Similarly. the amounts of the other two proteins,
PICSP/WG (Fig, 1C), and PIAMAL/WG (Fig. 1D), produced
from a gene with a native nucleotide composition were 26 and
102 pg per reaction, respectively,

Immunological characterization of the protein products, To
determine the creation of conformation-dependent epitopes in
Pfs25 and AMAL, we examined and confirmed the reactivity of
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Pfs25-3D7

F1G. 2 Western blot and immunocytochemical analyses using antisera against P25 3D7/WG, PA25-TBVWG, PICSPWG, and PIAMAL
WG, Extracts prepared from Plasmodium falciparum zygotes/ookinetes (A), sporozoites (B), and schizonts (C) were separated on SDS-12.5%
polyacrylamide gels under nonreducing (NR; lanes 1, 3, and 5) and reducing (R; lanes 2, 4, and 6) conditions. (A) Proleins on polyvinylidene
fluoride branes were t A either with mouse anti-Pis25-3D7/WG serum (lanes 3 and 4) or mouse anti-Ps25-TBV/WG serum (lanes
5 and 6) or with the negative-control serum (lanes 1 and 2). (B) The membrane was immunostained with either mouse anti-PICSP/WG serum
(lanes 3 and 4) or the control serum (lanes 1 and 2). (C) The membrane was immunostained with either mouse anti-PIAMALWG serum (lanes
3and 4) or the control serum (lanes 1 and 2), (I to F) Samples prepared from Plasmodium falciparum immature ookinete (D), sporozoite (),
and schizont (F) were immunostained with the antiserum indicated ai the bottom of the panel. Upper panels represent images obtained by
differential interference contrast (DIC) microscopy, and lower panels represent immunosiained images (immunofluorescence assay [IFA])
visualized with goai anti-mouse immunoglobulin G-fluorescein conjugate. These images have been taken by confocal scanning laser
microscopy (LSM3 PASCAL; Carl Zeiss Microlmaging, Thornwood, NY). g, gametocyte; ok, immature vokinete; m, merozoile; s, sporo-

zoite, Bars, 5 um.

anti-Pfs25 conformation-specific monoclonal antibody 4B7 (a
generous gift from Carole A. Long [NIAID, NIH. Rockville,
MD]) against Pfs25/WGs and the reactivity of anti-PIAMA1
3D7 conformation-specific monoclonal antibody 1E9 (a gen-
erous gift from Carole A. Long) against PIAMAL/WG by
Western blotting under nonreducing conditions (data not
shown). To evaluate the immunogenicity of each protein pre-
pared, we then raised mouse antisera and determined their
reactivity to the parasite-derived native proteins, Extract from
approximately 5 x 107 zygotes/ookinetes per lane was sepa-
rated by SDS-PAGE. and Western blot analysis was per-
formed. Specific bands with the expected mobility of native
Pfs25 protein were detected under nonreducing conditions us-
ing antisera against Pfs25-3D7/WG and  PIs25-TBV/WG.
Anti-P{s25-3D7/WG serum did not show any reactivity under
reducing conditions (Fig. 2A). These results suggest that the
PIs25-3D7/WG protein prepared here retained a conformation
similar to that of the native protein. The identity of the faint
band detected at the lower position with anti-Pls25-TBV/WG
under reducing conditions is unclear at present (Fig. 2A). Sim-
ilar experiments were performed using anti-PICSP/WG and
anti-PIAMA1/WG sera to study extracts from respective stages
of the parasite. The analyses clearly showed specific reactivity
of each antiserum to PICSP and PIAMAL proteins (Fig. 2B
and C). Anti-PICSP serum reacted to three protemn bands in
the sporozoite extract under both reducing and nonreducing

conditions (Fig. 2B). The upper and lower bands appeared to
correspond 1o precursor and mature forms, respectively, as
reported earlier by Coppi et al. (4). Anti-PTAMA] serum gave
two signals, with the upper and lower bands corresponding 1o
mature and processed forms, respectively (15). The signal shilt
of the two bands upon introduction of a reducing reagent was
most likely due to the high content of disulfide bonds within
the protein (14). These results are consistent with previously
reported findings (13).

Immunocytochemical staining was performed against imma-
ture ookinetes obtained by in vitro short-term culture using
anti-Pls25-3D7/WG. As shown in Fig. 2D (differential inter-
ference contrast and immunofluorescence assay), the anti-
serum specifically stained the surface of the immature ookinete
but not the gametocyle and the merozoite. Antiserum againsl
Pis25-TBV/WG yielded similar results (data not shown).
These findings were consistent with our previous report in
which Pfs25-TBV prepared [rom yeast cells was used 1o raise
antiserum (2). These findings also verified that Pfs25 prepared
using our protocols from a gene with an A/T-rich native nu-
cleotide composition can yield a protein of sufficient quality 1o
raise a specific antibody. Experiments using anti-PICSP/WG
and anti-PIAMAL/WG on the fargel stages of the parasite
showed typical staining patterns. The entire surface of the
slender sporozoite was stained by anti-PFCSP/WG serum (Fig.
2E), and the anti-PIAMA/WG serum clearly visualized punc-
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Number of pocysts per mosquito

FIG. 3. Transmission-blocking efficacy of antibodies against Plas.
maodium falciparum parasites, The median numbers of oocysts per

mosquito (n = 20) with quartiles (box plot) and ranges (lines on both
top and bottom of the box) were compared among groups of mosgui-
toes fed on either anti-Pfs2S sera serially diluted or control mouse
serum. Dilution of test immune serum is shown as 1:2 to 1:32. Statis-
tical analysis was performed using the Kruskal-Wallis test for compar-
ison of oocyst numbers between the test immune sera and control
serum. Asterisks indicate statistically significant differences compared
to the control group (P < 0.05).

tate localization of PTAMAL at the apical end of merozoites
(Fig. 2F).

Efficacy evaluation of the proleins as vaccine antigens. [
view of a practical application of the system for discovery of
malaria vaccine candidates, we evaluated the quality of anti-
gens produced by performing a parasite growth inhibition
assay using the antibodies raised against those antigens. We
focused on Pfs25-3D7/WG and Pfs25-TBV/WG. Pis25-TBV
is currently the sole transmission-blocking vaccine candidate
under clinical trial (23). A transmission-blocking assay was
performed using both anti-Pf25-3D7/WG and anti-Pfs25-
TBV/WG. A mixture containing P. falciparum-gametocyle
infected erythrocytes and one of the antisera was fed 10
mosquitoes. The number of developed oocysts in the mos-
quitoes was then later counted. Both antisera at iwolold
dilution completely inhibited oocyst development, as we
have seen no mosquito harboring oocysts (Fig. 3). The num-
ber of oocysts was inversely proportional to the concentra-
tion of antiserum added, findings consistent with previous
experiments, in which Pfs25-TBV prepared from yeast was
used 1o raise antiserum (2). It is important at this moment to
stress the difference between this study and other studies:
our proteins were produced from a non-codon-optimized
gene in a cell-free system, while in other studies a codon-
optimized engineered Pfs25-TBV gene was transformed into
yeast cells (20). The results presented here strongly indicate
the value of the wheat germ cell-free system for the produc-
tion of malaria proteins that require complicated proce-
dures in other systems.

Parallel syntheses of P. falciparum proteins. Although cell-
based expression systems have been widely used in this field,
they are limited mainly in their ability for efficient production
of P. falciparum protein, primarily because of the complexity of

INFECT. IMMUN,

the genome. In order to evaluate the capability of our cell-free
system for parallel expression [rom the parasite genes, we
selected 124 genes (see Table S1 in the supplemental material)
encoding asexual blood-stage parasite proteins, based on the
PlasmoDB database. Autoradiography demonstrated thar 93
of the 124 genes yielded protein products. The average yield of
expressed protein estimated for each full-size product was 1.9
pg per 150 pl of reaction mixture, an amount sufficient for
preliminary antigen discovery studies using hyperimmune se-
rum. Average protein solubility was 65% (see Table 51 in the
supplemental material). There was significant inverse correla-
tion between yield and molecular size of the protein; the
greater the size, the lower the protein yield. There was also
weak but significant mverse correlation berween the protein
yield and the relative frequency of low-complexity regions. In
addition, solubility was inversely correlated with the pl value
(Table 1). These observations have already been documented
in earlier studies (24, 31). Surprisingly, we did not sec any
correlation between yield and A/T content. pl value, or the
existence of a transmembrane domain (data not shown). We
then analyzed the statistical difference in molecular weights, pl
values, A/T contents, and relative frequencies of low-complex-
ity regions between the expressed and nonexpressed groups of
molecules, using the Mann-Whitney U test. The molecular
weights in the nonexpressed group were significantly higher
than those of the expressed group (P < 0.0001). In contrast, pl
values, A/T contents, and the relative frequencies of low-com-
plexity regions did not differ significantly (see Table S1 in the
supplemental material). We currently have no explanation for
why 25% of the tested genes [ailed to produce proteins in our
system. One possible explanation is the sequence errors most
likely present in the PCR products that were used as templates
for transcription and subsequent translation. Such templares
would cause mistranslation of the protein by frameshift.

In summary, the ability of the wheat germ cell-free pro-
1ein synthesis system 1o produce P. falciparum proteins was
examined. We found that (i) without the need [or codon
optimization, the cell-free system is able 1o produce a suf-
ficient amount of high-quality proteins of the leading ma-
laria vaccine candidates, Ps25, PICSP, and PIAMAL, (ii)
biochemical, immunocytochemical, and biological analyses
demonstrated that the prepared proteins could be directly
used for immunization after a simple affinity purification
step; and (iii) the system proved suitable for use as a parallel

TABLE 1. Correlation of expression or solubility
and characteristics”

Correlation coefficient (P value)

Pamameter
Protein conen % Solubility
Mol wt -0.3177 (0.0019) 0.1221 (0,2436)
pl 0.1214 (0.2464) 03519 (0.0005)"
% AT 0.1505 (0.1498)
Low complexity 02276 (0.0283)"
7% Solubility 0.0494 (0.6385)

r Spe:!mn 5 cmhllnﬂ coeflicients by fank were calculated among the 93
d. The probability values of the statistical significance are

shown in paremhr.ua
PP < 005 was idered to indicate a i correlati
* Relative frequency of low-complexity regions ptr mokecular weight
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way to produce parasite proteins. We believe that the wheat
germ cell-free protein synthesis system may be a key tool for
decoding genetic information above and beyond malaria
vaccine research
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Objectives: Resistance to pyrimethamine in Plasmodium falciparum is conferred by mutations in the
gene encoding dihydrofolate reductase (DHFR). It is known that DHFR double mutants have evolved
independently in multiple geographic areas, whereas the triple mutant prevalent in Alrica appears to
have originated in south-east Asia. In this study, we investigated whether other triple mutants may
have evolved independently in Africa.

Methods: We determined the DHFR genotypes and haplotypes of five microsatellite loci flanking the
DHFR locus between 4.49 kb upstream and 1.48 kb downstream of 159 isolates collected from three
African countries (Republic of Congo, Ghana and Kenya).

Results: The CIRNI type of DHFR triple mutant (with mutations underlined at amino acid positions 51,
59 and 108) was predominant in the Republic of Congo (82%) and Ghana (81%) and was the second
most prevalent in Kenya (27%), where the CICNI type of DHFR double mutant was dominant. Three
distinct microsatellite haplotypes were identified in the DHFR triple mutant. One haplotype was
identical to that originating in soulh-easi Asia The other two haplotypes occurred in Ghana and
Kenya, which were unique, previously und ved and identical to those of the two DHFR double
mutants found in the same locations.

Conclusions: This study presents strong evidence for the unique, multiple independent evolution of
pyrimethamine resistance in Africa. Indigenous evolution of the triple mutant from the double mutant
appears to have occurred in a step-wise manner in Kenya and Ghana or in nearby countries in east
and west Africa.

Keywords: malaria, dhfr, microsatellite
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Evolution of pyrimethamine resistance in Africa

Introduction

The spread of Plasmodium falciparum resistance 10 commonly
used antimalarial drugs is a major public hc.-alm problem in

markers closely linked to the gene (0.1, 3.87 and 4.49 kb upstream,
and 0.52 and 1 48 kb downstream of DHFR).' Bnefly, vanation in
the number of TA repeats in microsaellite loci was measured by
semi-nested PCR using fluorescent end-labelled pnmers, followed by

malaria-endemic regions. The antifolate drug py /sulfa-
doxine mhibils two enzymes in the parasie’s folate synthesis
pathway. Amino acid changes al positions 50, 51, 59, 108 and 164
in one of these enzymes, dihydrofolate n:dunau: (DHT'R} ane
strongly associated with pynmethamine resistance.'~ At present,
isolates harbouring four mutations (CIRNL. with mutated amino
acids underlined) show the highest degree of resistance lo pyn-
methamine, There are several DHFR genotypes in malaria-endemic
regions,’ but the number of times the resistant genotype has
emerged in lndt_:’pendem parasite lineages is thought 10 be consider-
ably limited* 7 In south-east Asia, an analysis of microsatellite
markers flanking DHFR indicated that all resistant  parasites
bearing 1wo or more mutations share a single lineage * In contrst,
in Africa, multiple 1 Fnuus lineages have been reported for
DHFR double mumants.”” Nevertheless, it is currently accepted that
these indigenous double mutants have not yet produced a triple
mutant. Rather, nearly all lineages showing the DHFR nple
mutant found in Africa have been ascribed to the migration
of triple-mutant parasites from south-east Asia® " However, given
the occurrence of multiple lineages of DHFR double mutants
in Africa. i is likely that triple mutants may have evolved indepen-
dently within the continent. In this study, we determined
the DHFR genotype and flanking microsatellite haplotypes of
P. falciparum 1solates from the Republic of Congo, Ghana and
Kenya We discovered two previously undesenibed lineages of the
DHFR triple mutant, from Ghana and Kenya. showing the indepen-
dent evolution of DHFR tniple mutants within Afnica.

Materials and methods

Study site and patients

Blood samples were collected from symptomatic individuals from
Pointe-Noire, Brazzaville and Gamboma in the Republic of Congo
in 2006 and from asymptomatic individuals at three villages near
Winneba in Ghana in 2004 and at two villages in Kisii District in
Kenya in 1998, In all regions, surveys were necessanly conducted
prior to the official introduction of pynmethamine/sulfadoxine treat-
ment for malaria and so were not feasible with current populations,
These studies were approved by the administrative authonity of the
M y for R h and Ministry for Health in the Republic of
Congo, the Ministry of Health/Ghana Health Service and the
Ministries of Health and Education in Kenya. In all surveys, each
patient was informed about the study prior to sampling, consent was
obtained (in the case of child lians gave informed
consent) and medical follow-up wn.-: pm\ndcd if needed.

DHFR genotyping and microsatellite haplotyping

Parasite. DNA was purified using a QlAamp DNA Blood Mini Kit
(QIAGEN, Hilden, Germany) for samples from Ghana and Kenya
and the EZ1 BioRobot™ (QIAGEN) for samples from the Republic
of Congo. The first 184 codons of DHFR, encompassing all known
polymorphic loci were amplified by nested PCR. Amplified products
were directly sequenced with a BigDye terminator v1.1 cycle sequen-
cing kit in an ABI 377 DNA Sequencer (Applied Biosystems, CA,
LISA) as described previously.” In order to determine the evolutionary
history of pyrimethamine-resistant DHFR genotypes, we identified
individual haplotypes based on the association of five microsatellite

clectropl on an ABI 377 sequencer and analysed with the
Genescan software (Applied Biosystems)

The microsatellite haplotype observed in south-cast Asia, harbour-
ing an association of 200-194-176-106-203 bp at microsatellite loci
449, 387 and 0.1 kb upstream and 0.52 and 148 kb downstream of
DHFR was designated the SEA haplotype.'” Microsatellite haplotypes
umque to the Republic of Congo, Ghana and Kenya are described in
the Results section Haplotypes showing minor variations at one of
two loci were included in the respective major haplotypes.

Isolates showing mixed DHFR genotypes were excluded from
the analysis. Samples with more than one allele detected at any
microsatellite locus were also considered as mixed allele infections
and excluded. By these criteria, 131 (45%) of 290 samples were
excluded from the analysis.

Results

DHFR genotvpes

We identified five disunct DHFR genotypes in 159 isolates: one
triple mutant (CIRNI), two forms of double mutant (CICNI and
CNRNIj, one single mutant (CNCNI) and the wild-type
(CNCSI (Figure 1). The triple mutant was found in all three
African countries with high pre in the Republic of
Congo and Ghana (81-82%), whereas the two double mutanits
were distributed differently, the CICNI type in the Republic of
Congo and Kenya and the CNRNI type in Ghana

Microsatellite haplotypes

DHFR double-mutant isolates carried microsatellite haplotypes
that were unique to each country (Figure 2a). In Kenya, the
majority of isolates were of a microsatellite haplotype consisting

Figure 1. Frequency of DHER genotypes in P falciparwn isolates from
Kenya. the Republic of Congo and Ghana “Genotype is expressed as an
association of amino acids at positions S0, $1, 59, 108 and 164, Underlined
amino acids indicate mutated residues,
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(a)

Size of microsatellite markers (bp) at

Country indicated position L
449kb -3 87kb -0.1kb 052kb | 48kb
Kenya |104 _190 156 96 203 3
(CICND 196 190 156 96 203 2
208 |190 156 96 203 1 KEN haplotype
204 190 156 9 211 1
202 186 156 96 203 1
Republic of Congo |198 194 170 98 197 5
(CICND 206 194 170 98 197 1 CON haplotype
Ilgﬂ 190 170 [9.; Il?".-' v 1
Ghana 8
(CNEND 20 186 1
(b)
. Size of microsatellite markers (bp) at
Country iadicatod position = bp n Haplotype
4.49kb -3.87kb O.1kb 0.52kb 1.48kb
Kmya 4
| SEA haplotype
|
§ KEN haplotype
Republic of Congo a6
I SEA haplotype
|
) KEN haplotype
Ghana »
1 SEA haplotype
1
I
2
9
1

KEN haplotype

Figure 2. Microsatellite haplotypes in ¥ falciparum isolates having DHFR double () and triple (b) mutations in Kenya, the Republic of Congo and Ghana

KEN haplotype, CON haplotype, GHA haplotype and SEA haplotype arc unigue

at five

tellite loci of alleles, Haplotypes showing minor

variations at one of two loci (unboxed) were included in the respective major haplotypes, These alleles are likely to be generated by a TA mepeat mutation
and/or recombination events between unlike haplotypes. (h) A variant belonging to the SEA haplotype from the Republic of Congo had an allele at | 48 kb

that was seen in the DHFR double mutant in the same country.

of an association of 204-190-156-96-203 bp (KEN haplotype), and
the rest had minor variations from the predominant haplotype.
Sumilarly, all isolates from the Republic of Congo were of one
predominant haplotype (198-194-170-98-197 bp. CON haplotype).
as were those from Ghana ( 198-204-168-104-205 bp; GHA haplo-
type). No SEA haplotype was observed.

We identified three microsatellite haplotypes associated with
the DHFR triple mutant (Figure 2b). In Kenya, both the KEN
haplotype and SEA haplotype were observed. Chimeric haplo-
types between the SEA and KEN haplotypes were observed.
probably generated by recombination between the two haplo-
types. In the Republic of Congo. the SEA haplotype was the
most prevalent (93%) and the KEN haplotype was also found at
low prevalence (7%). All three samples of the KEN haplotype

were chimeric haplotypes, having alleles of the SEA haplotype
at two loci. In Ghana, the SEA haplotype was most dominamt
(70%:), followed by the GHA haplotype (27%) and the KEN
haplotype (3%). Overall, among the three DHFR triple-mutant
lineages, the SEA haplotype was the most prevalent (75%), and
the prevalence of the KEN (13%) and GHA (12%) haplotypes
was low but significant.

Discussion

The presemt study clearly shows that there are three lineages of the
CIRNI pyrimethamine-resistant  DHFR triple mutant in  the
Republic of Congo, Ghana and Kenya. One of the three lineages
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is identical to the SEA lineage and the other two lineages, the
KEN lineage and GHA lineage, are unique to Africa The SEA
lineage was the most prevalent of the DHFR triple mutants, but
the prevalence of the two Alfncan lineages was significant.
Importantly, microsatellite haplotypes of the two African lineages
were also found from parasites with DHFR double mutants, while
no double mutants shared the SEA microsatellite haplotype. These
findings present strong evidence for the indigenous evolution of
the DHFR triple mutant from the double mutant in Africa
Previous reports have not identified indigenously penerated
African triple DHFR mutants. These include two studies analysing
24 wiple mutants from Sou:h Africa’ and 204 from 11 sub-
Saharan African countries.” In these countries, all wiple mutanis
except one showed an identical or very similar microsatellite hap-
lotype to the SEA haplotype. This suggests that the DHFR wiple
mutant currently predominant in Africa was impornied from SEA,
rather than indigenously generated. In the present study, the SEA
lineage was the most prevalent in all countries considered, but two
other indigenous lineages were also observed.
The co-prevalence of the SEA haplotype and the KEN/GHA
haplotypes in Africa suggests that the indigenous DHFR tnple
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mutant may have evolved earlier than or contempx ly with
the migration of the SEA type from south-east Asia—an initial
triple mutant, either indigenously evolved or imported, would
quickly spread out through the continent, as observed in
south-east Asia, where only a single Itmge of DHFR 1rrp|c or
quadruple mutant is pmsmtly pn:va.lent “"This scenario is based

on the ption that pyn ine | was continuously
nnd c'xl.ensively present H:mver. in Africa, the history of
pynimeth adiminist differs greatly country-by-country,

Indeed, we observed the DHFR wild-type, a single mutant and
double mutants in three African countries, & situation in sharp con-
trast 1o that in south-cast Asia where all P falciparum
populations show a single lineage of DHFR wiple/quadruple
mutant.*'? Dispersal of drug resistance obviously depends on
many factors, including movements of infected people, the
intensity of malana transmission. the level of host population
immunity and the history and extent of drug usage Thus, the
strength of any selective sweep by pyrimethamine differs depen-
ding on area, making it difficult to infer which occurred earlier;
the migration of the DHFR triple mutant from south-east Asia into
Africa or the indigenous evolution of the tple mutant in Africa.
This study also presents strong evidence for the indigenous evol-
ution of DHFR double muants in Africa. All three countries
studied have a unique. country-specific lineage of a DHFR double
mutant, suggesting that the generstion of DHFR double muians is
not @ rare even! in Africa, a sttuation that differs from south-east
Asia and Melanesia, where the generation of double mutants has
been very rare.'” As the prevalence of P. falciparum is much
greater in many pants of Africa than in most of south-east Asia a.rld
Melanesia, the pool of potential drug-resistant
available for selection by drug pressure is much larger. Wc believe
that this situation may explain the generation and selection of mul-
tiple independently originating drug-resistant mutants in Africa.
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Abstract

Background: Plasmodium vivax is estimated to affect 75 million people annually. It is reportedly
absent, however, from west and central Africa due to the high prevalence of the Duffy negative
phenotype in the indigenous populations. Despite this, non-African travellers consistently return to
their own countries with P. vivax malaria after visiting this region. An attempt was made, therefore,
to detect the presence of P. vivax parasites in blood samples collected from the indigenous
populations of west and central Africa.

Methods: Parasite species typing (for all four human malaria parasites) was carried out by PCR on
2,588 blood samples collected from individuals from nine African malaria-endemic countries.

Results: Most infections (98.5%) were Plasmodium falciparum, Plasmodium malariae was identified
in 8.5% of all infections, and Plasmodium ovale in 3.9%. The prevalence of both parasites varied
gready by country. Only one case of P. vivax was detected from Sao Tome, an island off the west
coast of Africa, confirming the scarcity of this parasite in Africa.

Conclusion: The prevalence of P. vivax in local populations in sub-Saharan Africa is very low,
despite the frequent identification of this parasite in non-African travellers.

Page 1 of B
(page number not for citation purposes)

—405—



Malana Journal 2008, T:174

Background

Plasmodium vivax has the widest geographic range of the
four parasites responsible for malaria in man. Histori-
cally, its range has extended as far north as Finland and
northern China, and as far south as northern Australia
and South Africa [1]. Concerted malaria control initiatives
in countries in temperate zones have today confined P.
vivax mainly to the tropics, where its range overlaps that
of the most important malaria parasite in terms of public
health, Plasmodium falciparum. Thus, the two parasites co-
exist in large parts of the tropical and semi-tropical world,
except, strikingly, in large parts of western and central
Africa, where P. vivax appears to be almost completely
absent [ 2] This situation is apparently caused by the high
prevalence of the Duffy negative phenotype in the local
populations, which confers complete protection against
P. vivax malaria [3]. The Duffy antigen/receptor for chem-
okines (DARC) is a transmembrane glycoprotein that is
present on epithelial cells |4), endothelial cells |5], and
erythrocytes. Itis utilized by P. vivax parasites as the recep-
tor for attachment to the red cell surface [6]. Duffy nega-
tive individuals are homozygous for a DARC allele,
FY*Bmnill which carries a single nucleotide mutation which
impairs promoter activity by disrupting a binding site for
the h-GATA-1 erythroid transcription factor [7]. This
results in the loss of DARC expression on erythrocytes, but
does not affect expression in epithelial or endothelial
cells. Individuals who are homozygous for this allele thus
express no DARC protein on the red cell surface and are
completely protected from the erythrocytic cycle of P.
vivax. The Duffy negative phenotype occurs in over 95% of
the population of west and central Africa, but is extremely
rare outside Africa and the Arabian peninsula [8].

Present day prevalence of P. vivax in Africe

Although P. vivax is known to be present in parts of north-
ern, eastern and southern Africa, with some areas report-
ing a prevalence of around 20% of all malaria infections
|9), it is extremely rare in west and central Africa. In fact,
there are very few cases of P. vivax in the indigenous pop-
ulation at all, with the exception of the island of Sao
Tome, which is known to harbour all four human malaria
parasites [10]. It is possible that the lack of "local” P. vivax
reported from these areas is due to the fact that its per-
ceived absence precludes its identification. So ingrained
may be the notion of the absence of P. vivax from west and
central Africa that many surveys of parasite species com-
position from these areas do not include assays for the
identification of the parasite [11], and many micro-
scopists automatically designate any parasite associated
with Schiiffner's dotted erythrocytes as P. ovale [12]. There
are, however, sporadic reports of its presence. One report
from Equatorial Guinea desaibes the discovery of four
cases of P. vivax in children of mixed race parentage |13,
and another describes a mild infection of P. vivax in a

hitp:/Awww.malariajournal com/content/7/1/174

Duffy negative woman from the Demaocratic Republic of
Congo |14]. These rare accounts are supported by more
extensive reports detailing P. vivax infections in non-Afri-
can travellers reurning from these areas. For example, an
analysis of 618 imported P. vivax cases diagnosed in Euro-
pean dinics between 1999 and 2003, found that 17% of
travellers had contracted the parasite in west and central
Africa [15]. Furthermore, between 1995 and 1998 there
were 73 reports of P. vivax imported into France from this
region [16]. Imported malaria surveys from the USA
report a similar pattern, with data from 2004 revealing
that 65% of P. vivax imported into the USA from Africain
that year (n = 67) originated in countries in west and cen-
tral regions [17]. As some of these reports [15,17] rely on
microscopy for identification of parasite species, it may be
argued that confusion between P. ovale and P. vivax may
lead to a degree of misdiagnosis. However, there are an
increasing number of reports that identify parasite species
with molecular techniques |16,18], which are much less
prone to misidentification of species. Given these data, it
seems certain that transmission of P. vivax does occur in
west and central Africa. However, it remains unclear how
transmission is maintained in populations where the
Duffy negative phenotype is almost at fixation.

In 1985, Van Ros described the presence of P. vivax in a
Duffy negative individual [14] from the Democratic
Republic of Congo. Recently, two new reports have also
described this intriguing situation. One, from westemn
Kenya, describes the presence of P. vivax circumsporozoite
protein in 0.65% of mosquitoes from an area of high
Duffy negativity [19]. More recently, Cavasini et al |20]
reported clear evidence of P. vivax infections in two Duffy
negative individuals in Brazil. It has been proposed that
the parasite may be in the process of evolving mechanisms
which allow the infection of Duffy negative individuals
|21]. Such findings highlight the need for a clear investi-
gation of the prevalence and population dynamics of P.
vivax in west and central Africa, using accurate molecular
species typing methods.

In order to assess the current prevalence of P. vivax in west
and central Africa, PCR species typing of 2,588 samples
from nine different countries throughout the continent
was carried out.

Methods

Blood sample collection and parasite DNA extraction

A total of 2,588 blood samples collated from various sur-
veys undertaken in nine African countries (Figure 1)
between 1998 and 2006 were analysed by PCR for the
presence of each of the four human malaria parasites, P.
falciparum, P. vivax, P. malariae and P. ovale. The original
sam ple collections were predominantly carried out as part
of unrelated investigations and the methodology of indi-
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Figure |

http:/Awww.malariajournal.com/content/7/1/174

vidual collection varies. Table 1 outlines the details of
these collections. In all cases, ethical clearance for sam-
pling was obtained from the relevant ethical committees
(for samples collected specifically for this study, details
are given in the following paragraphs).

Samples from Burkina Faso
In 2002, samples were collected from asymptomatic chil-
dren under 10 years old by Active Case Detection (ACD)

in two villages (Bassy and Zanga) 60 Km east of Ouaga-
dougou, the capital of Burkina Faso at the end of the trans-
mission season [22]. DNA was extracted by the use of
TRIZOL® reagent |22|. 108 P. falciparum positive samples
(by PCR), were used in this study
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Table |: Details of sample collections.

hitp:/Awww malariajournal.com/content/7/1/174

Collection area MNumb Sampling year Sampling method (ACD/PCD)* Age Reference
Burkina Faso' 108 2002 ACD <10 2
Republic of Congo 851 2005-2006 PCD (clinic) all ages This study
Gabon 206 2005 PCD (clinic) all ages This study
Ghana' 352 2004 ACD < |5 This study
Kenya m 1998 ACD All ages This study
Sao Tome!2 70 2004 PCD (clinic) All ages i
Angolal? 90 2003-2004 PCD (clinic) 1-§ 24
Mozambique'? %0 2004 PCD (elinic) I1-5 25
Rwanda'? L) 2003 PCD (clinic) All ages 26
Total 2588
! Only P. folaparum p les were available for

1 Only P, rmun:m:mmm(dmudw"womw}mamlynd

*ACD; active case detection, PCD: passive case detection

< Ll

from Angola, M bique, R a, and the
Democratic Republic of Sao Tome & Principe (DRSTP)
Blood samples were collected by Passive Case Detection
(PCD) at clinics in the following countries: DRSTP, Febru-
ary 2004, at the Centro Policlinico de Saide de Agua
Grande, Sao Tomé (all ages)|23|; Angola, 2003-2004 at
the Hospital Pediatrico de Luanda (1-5 year olds)[24];
Mozambique from July to October 2004 at the Hospital
Central de Maputo (1-5 year olds)[25]; Rwanda, Novem-
ber to December 2003, at the Rukara Health Centre (1-60
years old)[26]. Only samples identified by thick and thin
smear microscopy as P. falciparum single species infections
were available for analysis. Blood samples were spotted
onto Whatman®n®4 (n®3 in the case of Rwanda) filter
paper and parasite genomic DNA was obtained by boiling
in Chelex-100 [27] and subsequent ethanol precipitation.

Samples from Gabon

206 samples were collected specifically for this study.
Samples were collected in and around Lambarene, Depar-
tement du Moyen Ogooué at five different locations
(Hopital Albert Schweitzer, Hopital General de Lam-
baréné, Dispensaire d'Isaac, Adouma and PK48, a village
48 kilometres from Lambaréné). 100-200 pl of venous
blood was applied to Whatman® FTA® Classic Filter paper
cards (Whatman®, USA) and left to air dry. Whatman®
FTA® filter cards deactivate viral DNA/RNA and preserve
human and parasite DNA for downstream analyses. DNA
extractions were carried out according to the manufac-
turer's instructions. Briefly, a disc of 1.2 mm in diameter
was punched from the centre of each dried blood spotted
card and washed three times with Whatman® FTA® Purifi-
cation Reagent, and twice with TE buffer. This treated disc
was then used directly in subsequent PCR analyses. Ethi-
cal clearance for sampling in Gabon was obtained from
the ethical committee of the International Foundation of
the Albert-Schweitzer Hospital and Edinburgh University.

Prior to sampling each patient was informed about the
study, consent was obtained (in the case of children par-
ents/guardians gave informed consent) and medical fol-
low-up was provided if needed

Samples from the Republic of Congo

359 samples were collected by passive case detection from
two health centres (Madibou and Tenrikyo) within Braz-
zaville, the capital of the Republic of Congo, in 2005 No
age restrictions were applied to sampled individuals.
These samples were collected on Whatman® FTA® filter
paper, and processed as previously described. A further
492 samples were collected in 2006 by PCD from three
separate locations within the Republic of Congo, 150
from Pointe-Noire, on the west coast of the country, a fur-
ther 201 from the Tenrikyo health centre in Brazzaville,
and 141 from Gamboma, a town in the east. These sam-
ples were collected on Whatman® 31ETCHR filter paper,
and DNA extraction was performed using the EZ1 BioRo-
bot™ (QIAGEN, Hilden, Germany) according to the man-
ufacturer’s instructions. Ethical approval for this
collection was obtained from the ethical committee at
Osaka University, and sampling was authorized by the
administrative authority of the Ministry for Research and
Ministry for Health in the Republic of Congo. Informed
consent was obtained from individual patients, and anti-
malarial treatment was provided when appropriate.

Samples from Kenya

722 samples were collected in 1998 by active case detec-
tion in the Kisii district of Kenya. All age groups were sam-
pled. Blood was collected by finger-prick on Whatman*
31ETCHR filter paper, and DNA extracted by boiling in
Chelex-100 |27] and subsequent ethanol precipitation.
Ethical clearance for this collection was obtained from the
Ministries of Health and Education in Kenya.
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