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Abstract. Allelic variation in the Plasmodium falciparum circumsporozoite protein (CS) gene has
been determined by sequencing the immunodominant T-cell epitopes, Th2R and Th3R, from 95 iso-
latesfrom two malaria-endemic areasin the west of Thailand. Comparison with areference sequence
revealed only non-synonymous point mutations in the two epitope regions. Point mutations were
found outside these epitopes in aminority of samples, and all but four were also non-synonymous. A
relatively high number of variants, 11 Th2R and 9 Th3R, were detected and comprised some that had
not been previously observed. However, the Th2R*05 and the Th3R*01 alelic variants predomi-
nated, as they were found in more than 70% of the 101 sequences obtained.

INTRODUCTION

Circumsporozoite protein (CS) isan antigen
found at the surface of the sporozoite (Yoshidaet
al, 1980), the form of the malaria parasite trans-
mitted by the mosquito. CS has long been con-
sidered an important target of protectiveimmune
response against pre-erythrocytic parasites (sporo-
zoites and hepatic stages). The P. falciparum CS
gene, pfcs, encodes a protein consisting of rela-
tively conserved regionsflanking ahighly-repeti-
tivedomain composed of tetrapeptide repeats; the
sequence of the majority iSNANP and that of the
remainder is NVDP (Dame et al, 1984). The
immunodominant B-cell epitopesare confined to
thisrepeat region, while T-cell epitopesarefound
in the C-terminal domain (Zavala et al, 1983;
Good et al, 1988). These epitopes provide T-cell
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help for the production of anti-sporozoite anti-
body that inhibits hepatocyte invasion by sporo-
zoites, and induce CD4* and CD8' cytotoxic T-
effector cellsthat are thought to kill infected hepa-
tocytes (Good et al, 1988). The CS structure of
other parasite speciesis similar to that described
above, though the sequences of the repetitive el-
ements differ substantially between species.

CShasheen thefocus of immunological stud-
ies since the 1970s and its gene was thefirst Plas-
modium geneto be cloned and partially sequenced
(Godson et al, 1983). Numerous experimental vac-
cinesthusinclude, or are based on, CS (Richieand
Saul, 2002). The most recent, RTS,S, consists of
19 NANP repeats as well asthe carboxyl terminus
of the CS fused to the hepatitis B surface antigen
(Stouteet al, 1998). To date, thisformulation asso-
ciated to the potent adjuvant (SBAS2) proved the
most efficacious in protecting vaccinated human
volunteers against an experimenta challenge with
ahomologousstrain (Stoute et al, 1998). However,
the protection observed in a Phase |1 trid of this
vaccine in Gambian adults proved to be of short
duration (Bojang et al, 2001).
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Polymorphism in the vaccine candidate an-
tigen sequence isamajor concern, since it might
adversely influence theinduction of immunity as
well as provide the parasite with a means to es-
cape the protective responses induced. Sequenc-
ing of pfcs genes or gene fragments from labora-
tory and field isolates revealed that this antigen,
like many others in P. falciparum, displays ex-
tensive genetic diversity (DeLaCruz et al, 1987;
Lockyer et al, 1989; Yoshidaet al, 1990; Doolan
et al, 1992; Qari et al, 1992; Shi et al, 1992;
Jongwutiwes et al, 1994; De Stricker et al, 2000;
Escalante et al, 2002). The number and arrange-
ment of thetwo repeated tetrapeptidesvaried with
the parasite line, though this was not found to al-
ter binding of antibodies (Zavala et al, 1985).
Variationswere found in the pre- and post-repeat
regions, aswere occasional point mutationsin the
N-terminal region, and their immunological rel-
evance has yet to be established. However, the
most striking polymorphisms consisted of a se-
ries of non-synonymous point mutations centered
on two important T-helper epitopes, Th2R and
Th3R, found in the C-terminal domain of the
molecule (Lockyer et al, 1989). Variation within
the CS gene of P. falciparumis postulated to re-
sult from immune selection. Correlation between
human T-cell proliferations to the Th3R epitope
with protection from falciparum malaria infec-
tion, was observed for a limited number of pa-
tients from a malaria endemic area (Hoffman et
al, 1989). Recent studies further showed that hu-
man CD4* T-cell clones specific for a P.
falciparum Th/Tc epitope that overlapsthe Th2R
epitope, recognized a large number of variant
peptides that correspond to polymorphisms de-
tected in P. falciparum isolates from different
geographical areas (Moreno et al, 1993).

Inview of the concernthat pfcs T-cell epitope
polymorphisms might impinge on the efficacy of
CS-based vaccines, field isolates from diverse
geographic locationswere analyzed for Th2R and
Th3R diversity. Two trends emerged from these
studies. The degree of variation observed, though
large, did not fulfil the potential indicated by the
number of positionswhere alternateresidueswere
noted. The distribution of allelic variants varied
with the geographical origin of the parasites. The
lowest degree of variation was found in P.
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falciparum from Brazil, Papua New Guinea, and
Thailand, whilst the highest was observed in para-
sites of African origin.

Since sequencing was used to gather the
above data, it was often limited to a relatively
small number of field samples. A hybridization-
based method, developed for the analysis of
samplesfrom the Gambian RTS, Strial, provided
ameansto survey diversity in alarger number of
samples (Alloueche et al, 2000). We wished to
employ this method to analyze diversity in P.
falciparum parasites obtained from two regions
located on the Thai-Myanmar border. However,
the oligonucleotides developed for PCR-SSOP
did not include some of the Th2R and Th3R al-
lelic variants described after itsinception. In or-
der to establish whether this set of PCR-SSOP
oligonucleotides can be meaningfully used for
Thai samples, we surveyed the diversity of the
CST-cell epitopes by sequencing the correspond-
ing amplified region from a large number of
samples obtained from patients infected with P.
falciparumin two regions of western Thailand.

MATERIALSAND METHODS

Blood sample collection

A total of 95 blood samples diagnosed with
P. falciparum infection were obtained from pa-
tientswith informed consent. The ethical issue of
this study has been approved by the Ethics Com-
mittee of the Faculty of Tropical Medicine. Forty
samples were obtained from patients admitted to
the Hospital for Tropical Diseases, Faculty of
Tropical Medicine, Mahidol University, Bangkok,
Thailand from June to September, 2001 (n = 40)
with infections acquired in Phetchaburi (n = 1),
Ratchaburi (n = 31), Kanchanaburi (n = 4) or Tak
(n=4) provinces. Theremaining 55 sampleswere
collected from patients admitted to the clinic at
the Mae La Karen refugee camp north of Mae
Sot, Tak Province during 1996 (n = 19), 1999 (n
= 17), or 2001 (n = 19). In al cases, admission
blood sampleswere collected in ethylene diamine
tetraacetic acid (EDTA) tubes. Two hundred mi-
croliters of blood were centrifuged and the red
blood cell pellets were stored at -20°C.

DNA amplification, cloning and sequencing
Amplification by polymerase chain reaction
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(PCR) was carried out as previously described
(Allouecheet al, 2000), with minor modifications
inthe preparation of thetemplate. Briefly, 5 ul of
lysed freeze-thawed infected red blood cell pel-
let were added to 150 ul phosphate-buffered sa-
line solution and mixed by brief vortexing. The
released parasites were pelleted by centrifugation
for 5 minutesat 5,000g, and the supernatant care-
fully discarded. Fifty ul of amplification reaction
mixture, containing 1x PCR buffer, 200 nM of
each primer, 250 uM dNTPs, 2.0 mM MgCl, and
2.5U Taq DNA polymerase (Applied Biosystems,
UK), were added directly to the pellet beforeini-
tiating theamplification cycle. The primerswere
designed to hybridize to conserved regions span-
ning the Th2R and Th3R region (forward primer;
5'-ACAATCAAGGTAATGGACAAGG-3' and
reverse primer; 5'-ACGACATTAAACACA
CACTGGAAC-3)), and to result in the amplifi-
cation of a 319 base-pair fragment. The cycling
conditions were 95°C for 5 minutes, 58°C for 2
minutes and 72°C for 2 minutesfor 1 cycle, then
94°C for 1 minute, 58°C for 2 minutes and 72°C
for 1 minute for 32 cycles followed by 10 min-
utes extension at 72°C. The PCR amplifications
were performed using a PTC 200 (MJ Research,
USA). Theamplified productswere el ectrophore-
sed on 1.5% agarose gel in Tris-borate-EDTA
buffer, and visualized under UV light.

The unique PCR product obtained for each
sample was purified using the QIAquick gel ex-
traction kits (QIAGEN, Germany), and cloned
using the TOPO TA Cloning Kit (Invitrogen,
USA). Plasmid DNA containing the CS fragment
was purified from positive bacterial colonies us-
ing the QIAquick Miniprep Spin Kit (QIAGEN,
Germany). Sequencing was performed by auto-
mated sequencer at the Hopital Cochin, Paris,
France. Sequence alignments were performed
using the Gene Jockey |1 program (Biosoft, UK).
The nomenclature for the Th2R and Th3R allelic
variants and the designation for new allelic vari-
ants were proposed in reference to the scheme
followed by Alloueche and colleagues (2000).

RESULTS

Following DNA purification from 95 iso-
lates, a 319 bp fragment at the 3'-end of the pfcs
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gene, encoding the C-terminal domain wherethe
T-cell epitopes arefound, was amplified for each
isolate. The PCR fragments were cloned and se-
guenced, and the sequences compared to the cor-
responding sequence of the previously published
7G8 pfcs gene (REF). The comparison was con-
fined to 275 bp of the fragment, asthe 5'- and 3'-
end corresponding to the oligonucleotides used
for the amplification were excluded from analy-
sis. Given that a single isolate could contain a
mixture of genetically different parasites, three
colonieswere picked for sequencing for 15 of the
isolates. For most of these, the same sequence
was obtained. However, for three of the isolates,
one or more of the cloned fragments differed in
sequence. In total, 101 of the cloned fragments
wereincluded for analysis of pfcs 3'-end domain
polymorphisms.

None of the 101 sequences obtained exactly
matched the reference sequence from the 7G8 pfcs
gene (Dame et al, 1984), and all differences ob-
served were point mutations (Fig 1). Mutations
occurring outside the two T-hel per epitopeswere
only observed in 12 of the sequences obtained
(Fig 1). These mutations were found in 15 posi-
tions corresponding to 14 codons, and proved to
be synonymous in only 4 cases. Mutations oc-
curring in the Th2R and/or Th3R T-helper
epitopes, however, accounted for the major pro-
portion of the polymorphisms observed (Fig 1).
As compared to the reference 7G8 sequence,
mutations were found at 9 of the 17 residues of
the Th2R epitope, and at six of the twelve resi-
dues of the Th3R epitope (Figs 2 and 3). All the
point mutations observed in these T-helper
epitopes led to an alteration in the amino acid
encoded by the corresponding codon, ie non-syn-
onymous. Overall, the non-synonymous muta-
tions were mostly associated with mutations at
the first or second bases of the codon, while for
the four silent mutations the third base of the
codon was altered.

A highdiversity of Th2R and Th3R epitopes
was observed in the samples analyzed, since 11
Th2R types and 9 Th3R types were detected in
the 101 sequences analyzed. Most of the variants
were, however, only observed at alow frequency,
while the Th2R* 05 and the Th3R* 01 werefound
in 84 and 90% of the sequences, respectively. The
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H's Asn Met Pro Asn Asp Pro Asn Arg Asn Val Asp Gu Asn Ala Asn Ala Asn Asn Ala

ACAATCAAGGTAATGGACAAGG T CAC AAT ATG CCA AAT GAC CCA AAC CGA AAT GTA GAT GAA AAT GoT AllT coc fac aat dar

AR RYER Y WS W XY e AT E RV 0 Ser Asp Lvs His Ile Qu G@n Tvr Leu Lys Lys |le G@n Asn Ser LeulS:IEENT

diA AAA AAT AAT AAT AAC GAA GAA CCA AT GAT AAG caC AT A Baa TAT TTA aaG ¥ AT caa Bat Tcr ot T BAdi

Gu Trp Ser Pro Cys Ser Val Thr Cys Ay Asn Gy Ile @n Val Arg Ile Lys Pro Gy Ser PR 51 Lys Pro Lys Aspl
GAA TGG TCC CCA TGT AdE GTA ACT TGT GGA AAT cdf AllT CAl! GTT AGA ATA AAG odf B TleT deT BT A 66T Al GAC

[CHVIR NIV A SNE VI W.s) |1le Gu Lys Lys Ile Cys Lys Met GQu Lys

BAa TTA AT TAT GAA AAT GAT ATT GAA AAA AAA ATT HIGT AAA ATG GAA AAA  TGTTCCAGTGTGTTTAATGTCGT

Fig 1-DNA and amino acid sequence of the amplified fragment. The sequenceis based on the pfcs gene of the 7G8
line of P. falciparum, Accession number K02194 (Dameet al, 1984). The oligonuclectide used for PCR arein
italic. The amino acid sequences of the Th2R and Th3R epitopes are highlighted. The baseswhere silent point
mutations were observed are lightly highlighted, whereas those associated with non-synonymous mutations

are highlighted in black.

Th2R*01 P S D K H | E Q Y L K K | K N S |

Th2R*05 Q L
c- C-
Th2R*22 M Q L
-T c- C-
Th2R*15 E Q L
G- c- C-
Th2R*12 T E Q L
AC- G- c- c-
Th2R*20 K E Q L
A-- G c- c-
Th2R*17 R Q L
G c- c--
Th2R*18 N Q L
T c- c-
Th2R*21 M Q L
-T - c-
Th2R*16 R M Q L
G- -T C- c-
Th2R*13 Q Y L
c- T c-
Th2R*19 G Q Y L
G- c- T c-
1.00 4
0.90
0.80 -
0.70 -
0.60 -
0.50 -
0.40
0.30
0.20
0.10
0.00

CCA AGT GAT AAG CAC ATA GAA CAA TAT TTA AAG AAA ATA AAA AAT TCT ATT

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22
Th2R types

Fig 2-The sequence and frequency of the Th2R al€lic variants observed in Thai P.
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falciparum isolates. The sequences obtained are compared to the DNA and
amino acid sequencesof the Th2R* 01 type present in the pfcs gene of the 7G8
parasiteline(Dameet al, 1984), that was not observed for any of the sequences
obtained in this study. For each of the 11 types observed in the Thai isolates,
themutated basein each codon isshown bel ow the corresponding atered amino
acid, and dashes represent identity. The remaining codons areleft blank to in-
dicate no sequence variation. Black bars represent samples collected mainly
in Ratchaburi Province and stippled bars samples collected in Tak Province.

pattern of frequency distri-
bution was not signifi-
cantly different for the
samples obtained from the
two different geographical
regions, or collected in dif-
ferent years.

Among the variants
observed in Thai isolates,
six Th2R allelic types
(Th2R*16 to Th2R*22),
andfour Th3R allelictypes
(Th3R*14to Th3R*17)
werenotincludedinthe se-
lection used to design
SSOP oligonucleotides
(Alloueche et al, 2000).

DISCUSSION

In this study, we sur-
veyedthealléicvariations
of theimmunodominant T-
cell epitope regions, Th2R
and Th3R, in the P.
falciparum CS gene from
alargenumber of field iso-
lates collected from dis-
tinct malaria-endemic ar-
eas close to the Thai-
Myanmar border. Thiswas
achieved by sequencing
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cloned fragmentsderived by DNA amplification.
Despitethefact that numerousallelic variantsfor
both epitope regions were detected, the overall
diversity could be considered restricted, sincethe
majority of the sequences belonged to a single
allelic variant.

When compared with the list of variants,
(Th2R*01 to Th2R*15) and (Th3R*01 to
Th3R* 13) considered when the PCR-SSOP meth-
odology was developed (Alloueche et al, 2000),
weobserved 7 novel variantsfor Th2R and 4 novel
variants for Th3R. However, areview of the pub-
lished sequences for these epitopesrevealed that a
total of 28 variants for Th2R, and 17 variants for

Th3R*01 N K P K D E L D

AAT AAA CCT AAA GAC GAA TTA GAT TAT GAA AAT GAT

Th3R*16 |
T-

Th3R*14 N
AAC
Th3R*09 G S
GG- T--
Th3R*17 G F
GG- -
Th3R*04 D Q
G- c-
Th3R*15 D N Q N
G- -C o A
Th3R*08 Q
C--
Th3R*10 N
A--

1.00
0.90
0.80
0.70
0.60

Frequency

0.50
0.40
0.30
0.20

Y

oloi .
0.00 T -— T T =

Th3R, had been observed. Of the novel variants
observedinthe Thai isolatesused in thisstudy, only
one (Th2R* 20) had been observed previously (Ac-
cession number AF181833). Mutations leading to
amino acid substitutions at the 2™, 6" and 13"
residues of the Th2R epitopes (Th2R* 19,
Th2R*22, and Th2R*21 plus Th2R* 16, respec-
tively) had not been previously observed, nor had
those at the 2™ residue of the Th3R epitopes
(Th3R*15 and Th3R*16). Since 4 of the novel
Th2R and the 4 novel Th3R alelic types were
observed only in asingle sequence, it is possible
that they are the result of amplification artefact.
Itisfelt that thisisunlikely for a number of rea-
sons. a) the error rate ob-
servedinthisstudy appeared
to be quite low, since in 75
of the 101 cloned fragments
(atotal of 20,625 bp), the se-
quenceswereidentical, b) all
but four of the mutations ob-
served were non-synony-
mous, and ¢) most mutations
observed for thetwo epitope
regions were found at resi-
dues previously shownto be
variable.

E N D

Thefrequency distribu-
tion of the Th2R and Th3R
alelic types can be inter-
preted asevidencefor arela-
tively low diversity of these
pfcs epitopes in Thailand.
These results concur similar
studies conducted in the
same area of Thailand (Mae
Sot district) on samples col-
lected in 1988-1989, where
the Th2R*05 and Th3R*01

01 02 03 04 05 06 O7 08 09 10 11 12 13 14 15 16 17

Th3R types

Fig 3-The sequence and frequency of the Th3R allelic variants observed in Thai
P. falciparumisolates. The sequences obtained are compared to the DNA
and amino acid sequences of the Th2R* 01 type present in the pfcs gene of
the 7G8 parasiteline (Dameet al, 1984), that was found in the majority of
the sequences obtained in this study. For each of the eight other types ob-
served in the Thai isolates, the mutated base in each codon is shown be-
low the corresponding altered amino acid, and dashes represent identity.
The remaining codons are left blank to indicate no sequence variation.
Black barsrepresent samples collected mainly in Ratchaburi Province and
stippled bars samples collected in Tak Province.
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allelic variants were also
found to be predominant
(Jongwutiwes et al, 1994).
Similar levels of diversity,
where one allelic variant
predominates, have been
found in Brazil (Yoshida et
al, 1990; Shi et al, 1992) and
Papua New Guinea (Doolan
et al, 1992; Shi et al, 1992).
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This contrasts with higher levels of diversity ob-
served in Africa (Lockyer et al, 1989; Alloueche
et al, 2000; Escalante et al, 2002). Such a pattern
isconsistent with the notion that parasite popula-
tionsin areas of high transmission intensity main-
tain ahigher effective population size, recombine
more frequently and are conseguently more sub-
jectto diversifying positive natural selection, thus
sustaining higher level sof parasite polymorphism
(Escalante et al, 2002). Transmission intensities
in Thailand are 1 to 2 orders of magnitudes lower
than those calculated for hyperendemic areas in
sub-Saharan Africa

Allélic variants of both the Th2R and Th3R
regions have been shown to affect specific CD4*
and CD8" T-cell responses (Guttinger et al, 1988;
Plebanski et al, 1997). Murine and human T-cells
primed with one sequence usually fail to respond
to other Th2R and Th3R variants (De La Cruz et
al, 1988; Guttinger et al, 1988), though a study
of human T-cell proliferation in immune
Gambians suggested some T-cell cross-reactiv-
ity to variant Th2R and Th3R peptides (Good et
al, 1988). The non-synonymous nature of the T-
cell epitopes analyzed sustainsthe hypothesisthat
these mutations arose, and are maintained, as a
result of immune selection. Such an originfor an-
tigenic diversity in the pfcs epitopes would have
implications for the development of protective
immunity and its induction by vaccination.

Since the PCR-SSOP methodol ogy (Alloue-
che et al, 2000) would be suitable to type a ma-
jority of thecirculating P. fal ciparum populations,
longitudinal epidemiological studies of pfcs di-
versity can now be envisaged. Furthermore, the
restricted diversity of the Th2R and Th3R pfcs
epitopes in Thai parasites could be exploited to
assessthefunctional capacity of thesevariantsin
T-cell activation. These types of study can bein-
strumental in determining whether CS antigen
polymorphism representsin fact amajor obstacle
to devel oping an anti-sporozoite vaccine against
the malaria parasite.
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