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The liver phase of development of malaria parasites has been
studied only recently and remains poorly understood compared to
the other stages such as sporozoites, merozoites and gametes'.
Access to liver forms of Plasmodium falciparum has been improved
by the development of in vive® and in vitre® propagation methods,
but the yield of mature schizonts remains limited and does not
allow a detailed antigenic analysis. To date, only immunofluores-
cence assays (IFA) have permitted a description of a species and
liver-stage-specific antigen(s) (LSA; ref. 3). Monospecific anti-
bodies to these antigens have not been obtained due either to
difficulty in immunizing mice (against LSA), or to poor stability
of human moneclonal antibodies. Therefore, as a means of charac-
terizing the LSA, we used an alternative immunelogical approach
to identify clones of the corresponding LSA genes. We describe
here the isolation of a DNA sequence coding for a P. falciparum
liver-stage-specific antigen composed of repeats of 17 amino-acids,
which is immunogenic in man.
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We looked for human sera with restricted specificity to the
pre-erythrocytic stages of development of P. faleiparum by
screening individuals living in a malaria endemic area and
undergoing continuous drug prophylaxis. One such serum taken
from a subject ingesting 100 mg of chloroquine daily, whilst
being under continuous exposure to malaria for 26 years, had
high antibody titres to sporozoites (1/3,200 by IFA) and liver
stages (1/6,400) yet was essentially negative with blood-stage
parasites (<1/100). The serum was used to screen a genomic
expression library of P. falciparum Tak9.96 DNA® cloned in
Agtll (ref. 6). The recombinant phages were first screened with
a pool of hyper-immune sera and 2,000 antigen-producing clones
were detected. Of these only 15% were positive with the
sporozoite and liver-stage-resfricted serum. This indicates that
the antibodies to sporozoite- and liver-stage antigens are a
restricted subset of the total antibody responses to malaria
parasites. Of these clones the 22 most positive were selected for
further study. Human antibodies from the original serum were
affinity-purified on B-galactosidase fusion proteins from these
clones’. The stage specificity was assayed by IFA using P.
Jalciparum sporozoites, liver- and blood-stage parasites. Anti-
bodies selected on three clones (DG145, DG199 and DG307)
reacted specifically with liver schizonts: location of the fluores-
cence was very similar to that considered characteristic of LSA
(ref. 3; Fig. 1). The reaction was P. Sfalciparum-specific as the
affinity-purified antibodies were negative with P. vivax liver
schizonts prepared in Saimiri monkeys and with P. yoelii liver
stages grown in BALB/c mice. Moreover, the three recombinant
antigens were negative with sera to P. vivax, P. ovale, P. cynomolgi
and P. yoelii (data not shown).

The recombinant fusion proteins of DG145, DG199 and
DG307 were positive with the original human serum (Fig. 2a)
and with ten other African sera, but negative with sera from
transfusion malaria patients and anti-sporozoite sera (data not
shown). The three fusion proteins were found to be heat-stable
as the LSA epitopes remained antigenic after boiling at 100 °C
for 15 min. This is shown for DG307 in Fig. 2a track 2. Full
immunological cross-reactivity between the three recombinant
antigens was demonstrated by immunoblot analysis of the fusion

Fig. 1

Reaction and localization of antibodies with liver-stage schizonts. @, Typical immunofluorescence using adult African serum diluted

1/2,000 and reacted with 5-pm sections of Carnoy fixed liver fragments taken from Cebus apella monkeys infected with P. Saleiparum (ref.

3), Same antigen reacted with antibody eluted from protein expressed by: b, clone DG307,; ¢, clone DG145; d, clone DG199; e, f, the same

as a and b, using more mature schizonts to show the internal distribution of the antigen. g, Liver schizonts reacted with 1/250 dilution of a

rabbit serum raised to clone DG307 fusion protein (one i.m. injection with FCA of the recombinant fusion protein isolated by preparative
gel electrophoresis followed by four additional i.v. injections at 15-day intervals).



proteins. Antibodies affinity-purified on the DG307 protein reac-
ted to the same extent with the recombinant antigens of clones
DG307, DG145 and DG199, but they did not react with the
recombinant antigens of unrelated clones. The same cross-reac-
tivity was also observed using affinity-purified antibodies corre-
sponding to clones DG145 and DG199 (data not shown).

The liver-stage-specificity of LSA was further established by
raising a polyclonal monospecific antiserum to the DG307 fusion
protein. The anti-DG307 rabbit serum gave the characteristic
LSA immunofluorescence image (Fig 1g). Like thg affinity-
purified human antibodies selected using the three clones, this
serum was negative by IFA and immunoblot with sporozoites
and blood-stage antigens (Fig. 2b).

To analyse the relationship between clones and to characterize
the LSA gene(s), DNA from the three LSA phages DG145,
DG199 and DG307 was prepared and the individual P. fal-
ciparum DNA inserts recloned into the plasmid pUC9 and
bateriophaée M13 (ref. 8). DG145 contained two P. falciparum
DNA fragments of 400 and 700 base pairs (bp) (Fig. 3a). The
700-bp fragment cross-hybridized with the 196-bp insert in phage
DG307, but did not cross-hybridize with the 600-bp fragment
of DG199. Genomic DNA was cut with four different restriction
enzymes (both single and double digests) and was used in a
series of Southern transfer analyses (one example is shown in
Fig. 3b). The analysis indicated that the DG307, DG199 and
DG145 700-bp fragments were derived from the same region of
the genome as they all hybridized to a Rsal fragment of 2.2
kilobase (kb), a Dral fragment of 4.5 kb and an Alul fragment
of 1.3 kb. The observation that antibodies to the DG199 fusion
protein cross-reacted with: the fusion proteins of DG307 and
DG145, whereas its nucleotide sequence differs from the 51-bp
repeat, suggests that DG199 encodes a different type of repetitive
cross-reacting peptide. This situation has already been observed
for several other P. falciparum blood-stage antigens such as
FIRA and RESA'*'6,

The LSA locus shows restriction polymorphism for the enzy-
mes Rsal and Alul as DNA fragments of different size were
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Fig. 2 a, Identification of the fusion proteins of the three clones
expressing LSA antigen by human antibodies. SDS-PAGE elec-
trophoresis of proteins from cultures of DG199 (track 1), DG307
(tracks 2 and 3) and DG145 (track 4). b, Stage specificity of DG307.
Rabbit antibodies to DG307 (1/20 dilution) did not react on
immunoblots with antigens extracted from blood stages (track 1)
and sporozoites (track 4). Shown as a control is an immune African
serum (1/100 dilution) which is positive with both erythrocyte
(track 2) and sporozoite (track 3) stage antigens. Note that the
recombinant protein of DG307 remains antigenically reactive after
boiling and also that the fusion protein of DG145 appears some-
what degraded.

Methods. The three LSA clones were isolated from a genomic
expression library constructed in the following way. Random frag-
ments of T9.96 DNA were generated by the action of DNasel,
methylated to protect the endogenous EcoRI sites and cloned by
the addition of linkers into the EcoRI site of Agtll. The fusion
protein of DG307 was boiled in PBS at 100°C for 15 minutes
before gel electrophoresis (track 2). Proteins were transferred to
nitrocellulose filters according to Biorad recommendations and
antigenically reactive proteins detected by incubation with 1/100
dilution of the selective immune human serum, or 1/20 dilution
of rabbit serum depleted of anti B-galactosidase and anti
Escherichia coli antibodies. Immune complexes were revealed using
anti-human and rabbit IgG, A, M peroxidase labelled antibody

(Biosys, diluted 1/500) and diamino-benzidine substrate.

Fig. 3 Analysis of the LSA gene. 4, Analysis of P. falciparum DNA inserts in the recombinant LSA phages. DNA was prepared from DG 145,
DG199 and DG307, restricted with EcoR1 and size fractionated on a 1% agarose gel. The DNA was transferred® to Hybond-N according to
Amersham protocol and hybridized at very low stringency (2% SSC, 37 °C) with the radiolabelled pUC9 plasmid recombinants containing
separately each of the EcoR1 fragments derived from the LSA recombinant phages. The 600-bp sequence of DG199, like the 400-bp insert of
G145, hybridized only to itself whereas the 700-bp DG145 insert cross-hydridized to the 196-bp fragment contained in DG307 (and vice
versa), indicating that they contain homologous sequences. b, Parasite DNA restriction fragments hybridized with DG307. Track 1, EcoRlI:
2, Rsal; 3, Dral acting on Tak9.96 DNA. Tracks 4, EcoRI; 5, Rsal acting on Palo Alto DNA (FUP Uganda). The restricted DNA was
transferred” to Hybond-N (Amersham) and hybridized under stringent conditions (0.5 x SSC, 65 °C). Note that two Rsal fragments of different
size are identified in Palo Alto DNA. ¢, Chromosomes separated by pulse field gradient electrophoresis'™''. The karyotypes presented are for
strains (1) Palo Alto (2) D3, (3) 7G8, (4) B9, (5) C11 (6) Tak9.96. B9 and C11 are clonal derivatives of a single Thai isolate (P.D., unpublished)
and D3 is a clonal derivative of FCR3 (a kind of gift of W. Trager). The gel (1% agarose) was run at 250 V using a 75-s pulse for 20 h. The
variation in size is due to chromosome polymorphism'*'3, The chromosomal gel was transferred® to HyBond-N and probed with the inserts
of DG145, DG199 and DG307 cloned in pUCY and radiolabelled. The same large, poorly separated chromosome (number 6 counting from
bottom) was identified in all strains by clones DG307, DG145 and DG199; the result obtained with plasmid recombinant DG307 is shown.



found when other strains were examined. Figure 3b shows the
result obtained with Rsal and the P. falciparum Ugandan isolate
Palo Alto (compare tracks 2 and 5). Karyotype analysis demon-
strated that the three LSA clones are located on one of the large
chromosomes and were found to be conserved in all the P.
Jalciparum strains examined (Fig. 3¢). Consistent with this
observation is that the clones were derived from a Thai parasite
and were selected by human sera from Africa. Finally, no
sequences homologous to the P. falciparum LSA clones were
found in heterologous species by probing the genoimes of P.
vivax and P. chabaudi (data not shown).

In order to allow further immunological studies and to com-
plement the rabbit LSA-specific serum raised to the DG307
B-galactosidase fusion protein, we generated the corresponding
synthetic peptide. The DNA sequence of DG307 was determined
and a synthetic peptide prepared. Figure 4 shows that clone
DG307 contains a DNA fragment of 196 bp composed entirely
of a 51-bp repeat. Only one reading frame is in frame with the
B-galactosidase lacZ gene and the clone produces a fusion
protein that carries the epitopes recognized by the human sera
(Fig. 2). The inferred amino-acid sequence corresponding to
this frame is also presented. It is composed of a 17-residue
repeat rich in glutamine, glutamic acid and leucine. Unlike the
DNA sequence, the amino-acid sequence of the repeats is highly
conserved. The one change in the third repeat results from an
A to G substitution at the second position in the eighth codon.
Otherwise all other substitutions are silent. No homology with
known DNA and protein sequences was detected (at the 60%
level) when the Los Alamos and NBRF data banks were
screened. The peptide (EQQSDLEQERLAKEKLQ) corre-
sponding to the amino-acids underlined (see Fig. 4) was synthe-
sized and used in ELISA assays. Its reactivity with the rabbit
anti-DG307 serum confirmed the deduced DNA sequence. The
synthetic peptide reacted equally with the human antibodies
affinity-purified on the fusion proteins of clones DG307, 145
and 199. This emphasizes the antigenic similarity of the three
recombinant antigens. Moreover, the reaction of the synthetic
peptide with the serum used in the initial screening, together
with its reaction with ten other African sera indicate that a single
17 amino-acid repeat carries at least one epitope corresponding
to an antibody specificity in human sera.

The 17-amino-acid repeat described here is the first such
reported for a malaria antigen. As repeated epitopes have been
described for several P. falciparum antigens'” it is not surprising
that LSA, which is immunogenic in humans, also possesses
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Fig. 4 The DNA and amino-acid sequence of DG307. DNA
sequence of the 196-bp P. falciparum genomic DNA fragment
expressed in clone DG307. The EcoRI linkers are underlined, as
are some restriction sites. Note that the repeats are not perfectly
conserved. Substitution of an A for a T creates an Alul site in the
third repeat. A change from a T to a C gives Sau3A sites in the
second and third repeats. None of these changes result in an
amino-acid substitution. The sequence overallis 61% A+ T. Shown
below the DNA sequence is the amino-acid sequence expressed
by clone DG307. The amino acids corresponding to the EcoRI
linker are also given as they denote the reading frame. The first
arginine and last glycine are therefore artificial as they are encoded
in part by the linker and in part by P. falciparum DNA. Shown
underlined are the amino acids of the synthetic peptide used to
confirm the sequence. The 196 bp of P. falciparum DNA of DG307
were excised by digestion with EcoR1, cloned in both orientations
into the EcoRI site of the single-stranded phage m13mp8 and
sequenced by the chain-termination method,

repeated structures. Computer analysis predicts that, in contrast
to the CS protein, the LSA repeat with seven or eight charged
amino acids may assume a helical structure. The observation
that the amino-acid sequence is more highly conserved than the
DNA sequence argues for a functional or structural role for
these repeats. Finally the above results, obtained using a novel
approach to a poorly accessible stage, provide the first data on
the structure of a protein specific for the liver stage of develop-
ment of P. falciparum. Availability of recombinant antigens,
synthetic peptides and the corresponding antibodies now pro-
vide a way to evaluate the role and biological function of this
stage-specific protein.
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