should allow cloning of genes that are
difficult to isolate in Plasmodium and
other organisms.
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DNA Cloning of Plasmodium falciparum Circumsporozoite

Gene: Amino Acid Sequence of Repetitive Epitope

Abstract. A clone of complementary DNA encoding the circumsporozoite (CS)
pratein of the human malaria parasite Plasmodium falciparum has been isolated by
screening an Escherichia coli complementary DNA library with a monoclonal
antibody to the CS protein. The DNA sequence of the complementary DNA insert
encodes a four-amino acid sequence: proline-asparagine-alanine-asparagine, tan-
demly repeated 23 times. The CS B-lactamase fusion protein specifically binds
monoclonal antibodies to the CS protein and inhibits the binding of these antibodies
to native Plasmodium falciparum CS protein. These findings provide a basis for the
development of a vaccine against Plasmodium falciparum malaria.

Malaria remains a formidable health
problem in large areas of the world,
affecting more than 150 million people a
year. Of the four plasmodial species that
cause malaria in humans, Plasmodium
falciparum is responsible for most of the
severe infections and the highest mortal-
ity rates. The spread of drug-resistant P.
falciparum in many areas and the occur-
rence of severe epidemic outbreaks of
this disease lend particular urgency to
recent attempts at developing a malaria
vaccine (I).

Under normal conditions, a malarial
infection is initiated by the introduction
of sporozoites into the host’s blood-
stream through the bite of infected mos-
quitoes. Hence, inactivation of the spo-
rozoites would block completely the de-
velopment of this infection. A number of
recent findings point to the feasibility of
developing an antisporozoite vaccine.
Sporozoites are highly immunogenic
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and, more important, capable of eliciting
a protective immune response in several
host species, including humans [re-
viewed in (2)]. The immunogenicity of
sporozoites resides largely, if not exclu-
sively, in a single antigen, the circum-
sporozoite (CS) protein (3), which cov-
ers the entire parasite surface (4). In
turn, the immunogenicity of the CS pro-
tein is restricted almost entirely to a
single epitope (3) that is identically or
quasi-identically repeated several times
in tandem (5, 6).

Monoclonal antibodies against the CS
protein (molecular weight 58,000) of P.
falciparum sporozoites abolish the infec-
tivity of these parasites (7). These mono-
clonal antibodies bind to a repeated epi-
tope, which is common to different iso-
lates of the parasite obtained from 11
areas in South East Asia, Central and
South America, and West and East Afri-
ca (8). A prerequisite for the develop-

Fig. 1. (A). Two-site immunoradiometric as-
say. This assay was performed as described
elsewhere (17). Briefly, wells of flexible mi-
crotiter plates (Dynatech) were coated with P.
falciparum monoclonal antibody 2A10 to P.
falciparum. After repeated washes with phos-
phate-buffered saline containing 1 percent bo-
vine serum albumin, the wells were incubated
with twofold serial dilutions of lysates of E.
coli LE392 containing either @ p277-19 or (O)
pBR322. After a 2-hour incubation at room
temperature, the wells were washed and 30 pl
of '>I-labeled monoclonal antibody 2A10
(1 x 10° count/min) were added. After a 1-
hour incubation at room temperature, the
wells were washed, dried, and counted in a
gamma counter. Lysates of E. coli LE392
containing plasmid p277-19 were also tested
by using plates coated with either monoclonal
antibody 2A10 or an unrelated !*’I-labeled
monoclonal antibody (x). (B). Inhibition as-
say. Ten microliters (5 X 10* count/min) of
125].]abeled monoclonal antibody 2A10 were
incubated with 30 pl of twofold serial dilu-
tions of lysates of E. coli LE392 containing
either (@) p277-19 or (x) the pBR322 vector.
After a 30-minute incubation at room tem-
perature, 30 pl of these mixtures were trans-
ferred into microtiter plates that had been
coated with an extract of P. falciparum sporo-
zoites (3). After 1 hour of incubation, the
wells were washed, dried, and counted in a
gamma counter,
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ment of a sporozoite vaccine is the iden-
tification of the amino acid sequence of
the CS epitopes. This we report in the
present communication.

A library of complementary DNA
(cDNA) was constructed from polyade-
nylate [poly(A)]-containing RNA (9) ex-
tracted from the thoraces of laboratory-
bred mosquitoes infected by membrane
feeding on P. falciparum-infected blood
obtained from patients in Thailand. By
means of the dC-dG tailing method (10),
the cDNA was inserted at the site at
which the restriction enzyme Pst I cuts
pBR322 in order to generate recombi-
nant plasmids that could express the
inserts as fusion proteins with the B-
lactamase encoded by the vector (I1).
The resulting bacterial clones were
screened for the expression of CS anti-
gen by a filter immunoassay in situ (12).
Approximately 10,000 colonies were
screened with a monoclonal antibody
(2A10) to the CS protein, and a strongly
positive clone, p277-19, was identified.

Escherichia coli, strain LE 392 (I11),

was used as the host bacterium for the
plasmid p277-19. Extracts of the host
with the vector were then tested in a
two-site immunoradiometric assay by
using monoclonal antibody 2A10 immo-
bilized in plastic wells, and the same '*°I-
labeled antibody in the fluid phase (13).
As shown in Fig. 1A, the recombinant
protein expressed by clone p277-19 is
able to bind simultaneously both the
immobilized and the radioactively la-
beled antibody. This indicates that the
recombinant protein, like the authentic
CS protein, contains at least two epi-
topes that are recognized by monoclonal
antibody 2A10. The specificity of this
reaction was further verified by the in-
ability of the same extract to react with
an unrelated monoclonal antibody, and
by the failure of monoclonal antibody
2A10 to bind extracts of bacterial cells
containing the pBR322 plasmid without
an insert. Bacterial extracts made from
LE392 (p277-19) also inhibited the bind-
ing of labeled monoclonal antibody to
the epitopes of native P. falciparum CS
proteins (Fig. 1B). Further evidence of
the specificity of this reaction was pro-
vided by the inability of p277-19 cell
extracts to inhibit the binding of a mono-
clonal antibody to the corresponding CS
protein of P. berghei (data not shown).
All together, these data show that the
recombinant protein encoded by p277-19
exhibits the antigenic features of the P.
falciparum CS protein.

The nucleotide sequence of the p277-
19 insert is presented in Fig. 2. The
simplicity of the corresponding amino

acid sequence is striking. Proline, aspar-
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agine, alanine, and asparagine are re-
peated 23 times in tandem, without vari-
ation. However, at the nucleotide level,
the repeats present eight variants. Both
of the asparagine codons, three of the
four proline codons, and two of the four
alanine codons are used. This repetitive
pattern of four amino acids is by far the
shortest of the three known CS protein
repeats. In fact, the repeats of P. knowl-
esi and P. cynomolgi (Gombak strain),
two simian malaria parasites, are 12 and
11 amino acids long, respectively (5, 6).
Although neither the DNA nor the
protein sequences of these three sets of
repeats appear related to one another,
they exhibit similarities in their amino
acid composition. Alanine and aspara-
gine are present in the repeats of all three
CS proteins; proline is present in P.
knowlesi and P. falciparum; and glutam-
ic acid and glycine are present in P.
knowlesi and P. cynomolgi (Gombak).
The results of genomic DNA mapping
experiments (data not shown) suggest
that, as in the simian malarias (/4), the

Pro Asn Ala Asn

G'5 CCA AAT GCA AAC

aAPrrEerHOPEPEPFAAHAOR>PAAROAHOP>O
HHHHHHESHoAAHAA8HHAaAAas30A
E L el i - S R e R g i
HoooHHHooRAHH OB O0OAH00

CCT AAT AAC
AAT CAA GCC CCC

Fig. 2. DNA sequence of the cDNA clone
p277-19 encoding 23 repeats of the four amino
acid sequence Pro-Asn-Ala-Asn. The se-
quence is aligned as a matrix with the reading
frame in register with that of the p-lactamase
(18). The sequence was derived according to
the method of Maxam and Gilbert (19) with
the Hpa II site 5’ to the Pst I site insert in
pBR322 and a Hinf I site 3’ to the insert being
used as labeling sites. There has been a 300-
base-pair deletion in the pBR322 on the 3’ side
of the insert, bringing the Hinf I site to within
ten base pairs of the 3’ end of the dC-tailed
cDNA insert. It has not been determined
whether any of the C residues at the 3’ end of
the insert are derived from the mRNA.

C18

CS protein of P. falciparum is encoded
by a single-copy gene. In a series of
comparative studies no hybridization
could be detected between p277-19 and
the DNA of P. vivax (another human
malaria), three strains of P. cynomolgi,
and two species of rodent malaria para-
sites (P. berghei and P. chabaudi) (data
not shown). This is an agreement with
the observations that the repetitive epi-
topes of the CS proteins are generally
not shared by different species (3).

Work is in progress to identify precise-
ly the minimal amino acid sequence
which binds to the combining site of the
monoclonal antibodies to P. falciparum
CS protein. The shortest polypeptide
tested thus far, a synthetic trimer of the
tetra-amino acid (Pro-Asn-Ala-Asn), has
been found to inhibit the binding of
monoclonal antibodies to a sporozoite
extract (15).

The present findings indicate that the
immunodominant epitope of the CS pro-
tein of P. falciparum consists of a simple
sequence of amino acids that does not
appear to require further modification to
be antigenic. This should facilitate the
production of antigenically active pro-
tein through recombinant DNA methods
in heterologous systems, such as bacte-
ria and yeast. Further, the finding that a
small synthetic peptide of the CS antigen
of P. knowlesi elicits the formation of
antibodies that neutralize sporozoite in-
fectivity (16), should encourage efforts
toward the development of a synthetic
vaccine.
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Expression of a Retrovirus Encoding Human HPRT in Mice

Abstract. Transmissible retroviruses encoding human hypoxanthine phosphoribo-
syltransferase (HPRT) were used to infect mouse bone marrow cells in vitro, and the
infected cells were transplanted into mice. Both active human HPRT-protein and
chronic HPRT-virus production were detected in hematopoietic tissue of the mice,
showing transfer of the gene. These results indicate the possible use of retroviruses

for somatic cell therapy.

The unique structure and mode of
propagation of retroviruses make them
ideally suited for gene transfer. These
features include efficient transmission to
recipient cells, integration into host
chromosomal DNA, plasticity of the vi-
ral genome for accommodation of foreign
DNA, and a wide cell type and host
range. We have described the construc-
tion of an infectious retrovirus that con-
tains the coding sequences for human
hypoxanthine phosphoribosyltransferase
(HPRT; E.C. 2.4.2.8) as a model system
(7). In this vector (pLPL), a complemen-
tary DNA (cDNA) copy of the human
gene coding for HPRT is expressed un-
der the transcriptional control of viral
long terminal repeats (LTR’s). Several
investigators have used similar vectors
to transfer other genes into cultured cells

-2.3

Fig. 1. Analysis of DNA from cultured cells
converted to HPRT* by exposure to tissues
from infected mice. HRPT™ colonies induced
by exposure to tissues of infected mice were
propagated in bulk, and the DNA was extract-
ed and analyzed by Southern transfer (12)
with the use of an isotopically labeled probe
made from a Pst I-Hind III fragment of the
HPRT cDNA. (Lane a) Uninfected HPRT™
cells; (lanes b and g) cultured cells infected
with the virus used to infect the mice (c7cl);
(lane ¢) DNA from HPRT™ cells induced by
exposure to spleen cells from a mouse 41 days
after it was injected with bone marrow cells;
(lane d) DNA from HPRT™ cells induced by
bone marrow cells from the same mouse;
and (lanes e and f) DNA from HPRT™ cells
induced by spleen cells from two different
mice 133 days after they were injected with
bone marrow cells.

(2). We now show that both enzymatical-
ly active human HPRT-protein and pro-
duction of HPRT-virus can be detected
in hematopoietic tissue of mice receiving
transplants of bone marrow cells infect-
ed with HPRT-virus.

Mouse bone marrow cells were infect-
ed with HPRT-virus either by cocultiva-
tion with virus-producing cells or by
direct infection with high-titer virus.
Helper virus [Moloney strain (MoMLYV)]
was present in all infections so that res-
cue of replication-defective HPRT-virus
could be monitored in recipient animals.
We chose to infect bone marrow cells
because pluripotent, self-renewing hem-
atopoietic stem cells in bone marrow are
probably among those cells that can be
infected (3) and because bone marrow
cells are readily accessible and have a
high proliferation rate after reintroduc-
tion into mice. The infected bone mar-
row cells were then injected into irradiat-
ed mice of the same strain as the donor
mouse. The radiation dose was chosen
so that transplantation of fresh bone mar-
row was a requirement for survival of the
mice. Thus, certain hematopoietic cellu-
lar compartments (bone marrow and
spleen) depleted by irradiation were re-
populated by the virus-infected bone
marrow cells.

Spleen and bone marrow cells from
mice receiving infected bone marrow
were analyzed for production of HPRT-
virus. It was expected that some hemato-
poietic cells from the mice receiving in-
fected bone marrow would be infected
with both the HPRT-virus and helper
virus and thus would produce HPRT-
virus. Spleen and bone marrow cells
from mice receiving bone marrow trans-
plants were removed and overlaid on
adherent HPRT ™, ouabain-resistant cul-
tured mouse cells (4). One day later the
dishes were washed thoroughly to re-
move unattached cells and the remaining
attached cells were exposed to selective
medium containing HAT (see legend to
Table 1) and ouabain. This selection en-
sures that only cultured cells converted
to HPRT" by virus will survive because
ouabain Kkills the donor mouse cells and
HAT selects against HRPT™ cells. The
development of colonies of cells surviv-
ing HAT selection is thus dependent on
production of HPRT-virus by the donor
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