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Diagnosis of Plasmodium falciparum infection using
a solid-phase radioimmunoassay for the detection of
malaria antigens
L. MACKEY,1 I. A. MCGREGOR, 2 & P. H. LAMBERT 3

A serodiagnostic test has been developedfor the detection ofPlasmodium falciparum in
infected blood. Using parasite antigens and infected red blood cellsfrom in vitro cultures of
P. falciparum and malaria antibodyfrom high-titre Gambian sera, parasites were detected in
a solid-phase radioimmunoassay (RIA) that measured antibody-binding inhibition. Lysed
RBC were incubated with labelled IgG purifiedfrom immune sera and were then placed in
antigen-coated microtubes and incubated. The degree of inhibition of antibody binding in
the tubes correlated with the level ofparasitaemia in the test RBC and, using dilutions of
RBC from in vitro cultures of P. falciparum, the test detected infection at a level of 8
parasites/O06 red blood cells. The test was applied toRBCfrom 100 healthyEuropean blood
donors and to samples ofRBCfrom 500 Gambiansfrom the up-country villages ofKeneba
andManduar. Moresamples werepositive byRIA than by microscopy and there was a highly
significant degree of correlation between the RIA and microscopy results.

The need for improved serodiagnostic tests for use
in epidemiological studies of malaria and in malaria
control programmes has been widely recognized. Such
tests will be essential for the field assessment of poten-
tial malaria vaccines that are now being developed.
Existing serological tests detect malaria antibodies,
which prove experience of malaria, but none measures
protective immunity or distinguishes between present
and past infection. Diagnosis of infection by blood-
film examination on a large scale is time consuming,
requires skilled personnel, and may not be accurate
when parasites are infrequent in the blood or absent at
the time of testing. The importance of this problem is
reflected in the priorities established for the immuno-
logical studies of malaria supported by the UNDP/
World Bank/WHO Special Programme for Research
and Training in Tropical Diseases, which have as main
targets the development of malaria vaccines and the
improvement of serodiagnostic tests (1). The latter
priority includes the devising of new methods to
measure protection and to detect current infection.
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We have previously described an immunodiagnostic
test developed in a murine malaria model for the
detection of intraerythrocytic malarial parasites (2).
The method, based on antibody-binding inhibition in
a solid-phase system, was shown to have a high degree
of sensitivity and specificity, with a level of parasite
detection of 1 parasite/10 6 red blood cells (RBC). The
present study was designed to adapt the method for
the detection of P.falciparum infections.

MATERIAL AND METHODS

Blood samples

Samples were obtained from 500 Gambians from
the up-country villages of Keneba and Manduar. The
samples were from randomly selected people of both
sexes and all ages from 6 months to 90 years. The age
structure and other characteristics of this population
have been described by McGregor et al. (3). The
samples were taken in the months of January and
February 1979, during the Gambian dry season.
Samples were taken by finger-prick into 1-ml Durham
tubes.

Blood samples to act as controls were obtained from
100 healthy blood donors in Geneva, Switzerland. The
samples were taken into heparinized tubes.
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Preparation of red blood cells

RBC from the Gambian samples were obtained by
elution of the clot obtained after removal of the serum
from the Durham tubes. The clots were extruded into
physiological saline solution and the RBC were
allowed to separate for 1 h. The RBC suspensiofi was
then recovered and the cells washed twice more in
saline. Packed RBC were stored in microtubes at
-70 OC.
RBC from the Geneva samples were recovered after

removal of plasma and buffy coat from the heparin-
ized blood samples. The RBC were washed three times
in phosphate buffered saline (PBS), pH 7.2, and the
packed RBC were stored at -70 OC.
RBC were also taken from in vitro cultures of

P.falciparum maintained according to the candle-jar
method of Trager & Jensen (4). The RBC were
collected when parasitaemia reached at least 10%;
they were washed three times with PBS, and stored in
aliquots at -70 'C.
For use in the radioimmunoassay (RIA), the RBC

were thawed and samples were mixed with an equal
volume of saline solution containing 1 o saponin
(saponin-NaCl). This mixture was then diluted 1 in 5
with PBS containing 0.05%o Tween 20 (PBS-Tween) to
give a final dilution of lysed RBC of 1 in 10. In titration
experiments using RBC from in vitro cultures of
P.falciparum, series of five-fold dilutions were
prepared using as diluent a solution containing normal
lysed human RBC from a pooled sample from blood
donors. The diluent was prepared by lysing the washed
RBC with an equal volume of saponin-NaCl solution,
then diluting I in 5 with PBS-Tween.

Preparation of antigen-coated tubes

RBC recovered from in vitro cultures of P.falci-
parum were mixed with an equal volume of saponin-
NaCl for 1 min. The mixture was centrifuged at 200 g
for 4 min to remove any intact blood cells. The super-
natant fluid was recovered and centrifuged at 6000 g
for 10 min. The supernatant fluid was discarded and
the parasite fraction resuspended and washed 3 times
in PBS; it was then suspended in 1 ml of 0.1 mol/litre
sodium carbonate/bicarbonate buffer, pH 9.5, and
sonicated for 1 min. The suspension was then centri-
fuged at 6000 g for 10 min and the supernate
recovered. The protein content was estimated by
spectrophotometry and the solution diluted to 0.2 mg
of protein/ml in carbonate/bicarbonate buffer.
100-J4 samples of this solution were placed in flat-
bottom polystyrene tubes of 300-pl capacity. The
tubes were covered and incubated at 37 °C for 3 h,
then stored at 4 'C for up to 2 weeks. Immediately
before use, the tubes were emptied and washed three
times with PBS-Tween.

Preparation and radiolabelling ofIgG
Serum samples were selected from adult Gambians

having an antimalaria antibody titre of at least 1:800
as measured by indirect immunofluorescence. A pool
of 8 such sera was used for the preparation of purified
IgG. The ammonium sulfate fraction ofthe serum was
applied to a DEAE-cellulose (Whatman DE 23)
column equilibrated with 0.01 mol/litre phosphate
buffer, pH 8.2. IgG from the serum of normal blood
donors in Geneva was prepared in the same way.
Radiolabelling with 1251 was carried out by the chlor-
amine T method of McConahey & Dixon (5). The
specific activity of the labelled protein was about
37 kBq/,ug (1 IACi/Ag). The labelled IgG was stored in
aliquots at -70°C.
On the day of the test, an aliquot of 125 I-labelled

IgG was thawed and diluted to 1 ml with PBS contain-
ing 100 g/litre of human serum albumin (PBS-HSA)
then centrifuged at 18 000 g for 10 min at 4 'C to
remove aggregates. The solution was diluted with PBS
and used at a concentration of 2-4 gg protein/ml.
The radioactivity was measured in a gamma counter.

Test procedure
The test preparations of RBC were incubated with

labelled immune IgG. After this, the supernatant fluid
of the RBC-antibody mixture was placed in tubes
coated with parasite antigens. The amount of radio-
activity fixed in the tubes was compared with that
fixed in control tubes with the antibody alone. From
the results, the inhibition of antibody binding by the
test preparations was calculated. The method was
applied to diluted RBC from in vitro cultures of
P.falciparum and to the diagnosis of infection in
blood samples from the Gambia.
To 100-gA volumes of the RBC preparations, at each

dilution to be tested, were added 100 Ml of diluted
labelled IgG. Control tubes contained 100 M1 of PBS-
HSA in place of RBC suspensions. In certain experi-
ments a second control was included, containing
100 ,l of labelled normal IgG and l00Al of PBS-HSA.
When testing the Gambian samples, both positive and
negative RBC samples were included; as positive
control, RBC from P.falciparum cultures at 10%
parasitaemia were used and the negative control was
RBC from a pool from Geneva blood donors. The
tubes were incubated at 37 'C for 1 h, then centri-
fuged at 6000 g for 5 min. From the supernatant fluid,
80 p1 was placed in each of 2 antigen-coated tubes and
incubated at room temperature for 3 h. The tubes
were then washed 3 times with PBS-Tween and the
radioactivity counted. The results were expressed as
the percentage inhibition of radioactivity in the test
preparations compared to that of the antibody-PBS
control tubes.
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RESULTS

Lysed RBC from in vitro cultures of P.falciparum
were used as a source of antigen in experiments
designed to detect intraerythrocytic parasites by RIA.
Labelled IgG from immune Gambian sera was used to
measure the specific binding in tubes coated with
parasite antigens after incubation of the IgG with the
test RBC. The method was then applied to the detec-
tion of P.falciparum infection in Gambian blood
samples.
To find the optimal concentration of parasite

antigen for the preparation of antigen-coated tubes,
the binding of labelled immune IgG and of labelled
normal IgG was tested in tubes coated with the super-
nate of sonicated parasites ranging in concentration
from 0.05-0.4 mg of protein/ml. The results are
shown in Fig. 1. There was increasing binding of IgG
at parasite antigen concentrations up to 0.15 mg of
protein/ml, at which there was 2.5% (approximately
10 000 cpm) binding of immune IgG and 0.2%
(approximately 1000 cpm) binding of normal IgG.
There was no further increase in binding of immune

IgG until the concentration reached 0.4 mg of pro-
tein/ml, at which concentration there was also in-
creased non-specific binding of normal IgG. Tubes
coated with parasite antigens at a concentration of
0.2 mg of protein/ml were used in the following
experiments.
The RIA was carried out on RBC samples from 100

randomly selected Geneva blood donors in order to
find the level of antibody-binding inhibition produced
by normal RBC. The mean antibody-binding inhi-
bition was 5.6 ± 4.3%. The results did not differ sig-
nificantly with blood group.

Experiments were carried out to detect parasite
antigens in serially diluted RBC taken from in vitro
cultures of P.falciparum in order to determine the
sensitivity of parasite detection by RIA. The results
are shown in Fig. 2. Significant antibody binding
inhibition was found in preparations containing
3.2 x 102 test RBC/IAI and 38.4 parasites/Il. This is
equivalent to a level of detection of approximately 8
parasites/106 RBC in whole blood.
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Fig. 1. Binding of radioisotope-labelled IgG purified from
Gambian sera with high antimalaria antibody titres and of
labelled IgG from non-immune sera obtained from healthy
Geneva blood donors in tubes coated with different concen-
trations of parasite antigen (mg of protein/ml) prepared
from the supernate of sonicated Plasmodium falciparum.
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Fig. 2. Radioimmunoassay carried out on diluted RBC from
in vitro cultures of Plasmodium falciparum and on RBC from
Geneva blood donors ata concentration of 106 RBC/MI. The
level of parasitaemia in the RBC from the culture was 12%.
The mean antibody-binding inhibition ± 2 SD is shown for
each concentration of infected RBC. The hatched area
includes the mean ± 2 SD for normal RBC at 106/ll. Six
samples were tested at each concentration of RBC. The con-
centrations of infected RBC shown refer only to those of the
test RBC and do not include normal RBC used as diluent.
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Table 1. Examination of RBC by microscopy and by RIA for
evidence of P. falciparum infection

Parasitaemia No. of cases No. positive by
(perp~l) No fcss RIAM

o loob 0
0 398C 234 (58.8%)

< 102 19 13 (68.4%)
102 103 31 22 (71.0%)
103 - 104 24 22 (91.7%)
104 - 105 18 17 (94.4%)
>105 8 8(100%)

a Results from Gambian samples corrected in relation to values
obtained from Geneva samples.
b Geneva blood donors.
c Gambians.

Samples of RBC collected from 500 Gambians were
tested by RIA at a concentration of 10e lysed RBC/Mll.
The results were corrected in relation to the values
obtained for normal RBC from Geneva blood donors.
Positive samples were those which gave an RIA value
more than 3 SD above the mean of the results from the
Geneva blood donors. The results are summarized in
Tables 1 and 2. In Table 1, the results are grouped
according to the level of parasitaemia assessed by
microscopic examination of thick blood films. The
results show that among the Gambian samples, a
higher proportion were positive by RIA than by mi-
croscopy; with increasing levels of parasitaemia, there
was increasing positivity by RIA. Table 2 shows the
results grouped according to the degree of antibody-
binding inhibition shown by RIA. This shows that
increasing positivity of the test results was associated
with increasing frequency of parasitaemia as detected
microscopically. Statistical analysis showed a highly

Table 2. Degree of antibody-binding inhibition (%) shown
by RIA and microscopy results in blood samples from 500
Gambiansa

0 1-10% 11-20% 21-30% 31-40% 41-50%

No. of cases 184 134 127 34 15 6

No. positive
by micro- 15 29 32 14 7 5
scopy

% positive
by micro- 8.2 21.6 25.2 41.2 46.7 83.3
scopy

Results corrected in relation to values obtained using RBC from
Geneva blood donors.

significant degree of correlation (Spearman) between
the results of the microscopic and RIA examinations
(P<0.00l).
The series of samples from The Gambia included

two cases of P. ovale and three cases of P. malariae
infection. None of these gave a positive result by RIA.
Four cases of mixed P.falciparum and P. ovale infec-
tion were positive by RIA.

DISCUSSION

Antigenic analysis of malaria parasites is the subject
of much recent and current research (6, 7, 8). The
antigens include integral antigens of the parasite itself,
antigens expressed on the membrane of infected RBC,
and soluble antigens found in the serum during infec-
tion. Although serological methods have been used in
these studies, a serodiagnostic test for the detection of
intraerythrocytic human malaria parasites has not
been developed. A number of serological methods are
available for field and clinical investigations of
malaria, as reviewed by Voller (9), but all of these
measure specific antibody and, therefore do not
distinguish between present and past infections. We
recently demonstrated in a murine malaria model that
parasites can be detected serologically with a high
degree of sensitivity and specificity. We have now
adapted the radioimmunoassay used in that study for
the diagnosis of P.falciparum infection in a micro-
assay based on antibody-binding inhibition.

Using in vitro cultures of P.falciparum and
Gambian immune sera, we have shown that intra-
erythrocytic malarial parasites can be detected sero-
logically with a degree of sensitivity close to that which
can be achieved by microscopic examination of thick
blood films. The solid-phase radioimmunoassay used
in these experiments is not proposed as a definitive
immunodiagnostic method but serves to demonstrate
the principle that the immunodiagnosis of malaria
infection is practicable. The antibody-binding inhi-
bition test detected parasites at a level equivalent to
8 parasites/106 RBC in whole blood and the degree of
inhibition correlated with the number of parasites in
the test preparations. In a series of 500 Gambian blood
samples, there was a highly significant degree of corre-
lation between the RIA results and the levels of para-
sitaemia assessed microscopically. However, since the
P.falciparum antigens and corresponding antibodies
used in the test system have not been defined and since
both may vary between individuals and at different
stages of infection, the method should be regarded as
semi-quantitative.
No false positive results were found by RIA among

the samples from the Geneva blood donors. A greater
number of Gambian samples were positive by RIA
than by microscopy. Indeed, more than half of those
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that were negative by microscopy gave a positive test
result, although in the majority of these cases, the RIA
result was below 1007o. At present, it is not known
whether false positive results occurred in this series. It
must be noted that all Gambians are exposed to infec-
tion annually and they become repeatedly infected
throughout life (3). The extremely high level of trans-
mission of P.falciparum in The Gambia is clear from
the fact that almost 10007o of the population have anti-
body from the age of ten years (3). It was therefore
impossible to identify truly negative controls among
the Gambian samples. Infection may have been
present in some cases, although not evident micro-
scopically at the time of testing. As well as antigens of
the parasites themselves, soluble antigens occur in the
serum during infection and these can be detected up to
two weeks after treatment (10) and probably continu-
ously under drug suppression in areas where intensive
malaria transmission takes place. It is therefore
possible that soluble antigens associated either with
current inapparent or recent past infection may attach
to the membranes of non-infected RBC and that these
sensitized RBC may then react in our RIA. The
method of recovery and storage of RBC from The
Gambia may not have been ideal and this aspect
should be controlled to avoid the possibility of anti-
body trapping by aggregated membrane fragments
during testing. The possible role of intercurrent infec-
tion also requires investigation since the specificity of
the test in the presence of other parasites is unknown.
However, none of the cases of pure P. ovale or
P. malariae infection gave positive test results.

False negative results obtained by RIA were more
problematic. In most of these cases, parasitaemia was
at a relatively low level. However, in a few instances, a
negative RIA result was found in the presence of
substantial parasitaemia. The explanation may lie in
part in antigenic differences between the cultured

parasites used for the preparation of antigen-coated
tubes and the parasites in the test blood. It is also
possible that antigenic variants of P.falciparum may
have been present in the Gambian series and that these
were not detected by the particular antibody prep-
aration employed in the test. It must be expected that
the IgG fraction of sera from individuals with
naturally-acquired immunity would give a lower
degree of sensitivity and specificity of parasite detec-
tion than the antibody preparation that we used in the
murine malaria system (2). In that study, mice were
hyperimmunized with separated parasites in Freund's
incomplete adjuvant and the antibodies obtained were
partially purified by adsorption and elution from
washed parasites. Attempts to enrich the specific
antibody content of the IgG fractions by adsorption
and elution from P.falciparum in the present study
were unsuccessful, probably because of a lower
content of antibody in the human immune sera than in
the hyperimmune mouse sera. Greater sensitivity and
specificity in the immunodiagnosis of P.falciparum
infection will be achieved when defined reagents
become available. We are currently attempting to
develop a suitable monoclonal antibody for use in this
work.

In conclusion, our results demonstrate that P. falci-
parum infection can be diagnosed serologically with a
high degree of sensitivity. The micromethod em-
ployed in our experiments uses minimal quantities of
reagents and it could be readily adapted, for example,
to an ELISA system which could then be semi-auto-
mated, allowing rapid processing of large numbers of
samples. Although the establishment of a definitive
method will require the use of more closely defined
reagents, it is hoped that the present results will
provide a basis from which an immunodiagnostic test
suitable for use in epidemiological studies and malaria
control programmes can be developed.

RESUME

DIAGNOSTIC DE L'INFECTION A PLASMODIUMFALCIPARUMAU MOYEN D'UN DOSAGE
RADIOIMMUNOLOGIQUE EN PHASE SOLIDE POUR LA DETECTION DES

ANTIGENES DU PALUDISME

Une epreuve serodiagnostique a e mise au point en vue
de la detection de Plasmodium falciparum dans du sang
infecte. On a utilise des antigenes parasitaires et des erythro-
cytes infectes provenant de cultures de P.falciparum in vitro
ainsi que l'anticorps antipaludique provenant de serums de
titre eleve preleves sur des Gambiens, et les parasites ont et
mis en evidence par un dosage radio-immunologique (RIA)
en phase solide qui mesurait l'inhibition de la fixation de
l'anticorps. Des erythrocytes lyses etaient incubes avec une
IgG marquee purifiee a partir d'immunserums, puis le sur-
nageant etait introduit dans des microtubes sensibilises par
de l'antigene, et incube. Le degre d'inhibition de la fixation
de l'anticorps dans les tubes etait en correlation avec le degre

de parasitemie des erythrocytes eprouves; de plus en utilisant
des dilutions d'erythrocytes provenant de cultures de
P.falciparum in vitro, il a ete montre que cette epreuve etait
capable de mettre en evidence une infection de l'ordre de 8
parasites/106 erythrocytes. L'epreuve a et appliquee a des
globules rouges provenant de 100 donneurs de sang euro-
peens en bonne sante et a des echantillons de globules rouges
provenant de 500 Gambiens des villages de Keneba et
Manduar, situes dans le haut pays. 11 y a eu plus d'echantil-
lons positifs en RIA qu'en microscopie, mais le degre de cor-
relation entre les resultats en RIA et ceux de la microscopie
etait hautement significatif.
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