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Serotypes of Plasmodium falciparum defined by
immune serum inhibition of in vitro growth*

J. D. CHULAY, J. D. HAYNES,' & C. L. DIGGS2

In vitro growth inhibition assays were used to detect antigenic differences among
geographically distinct strains of Plasmodium falciparum. Owl monkeys were immunized
against the Camp and FCR-3/FMG strains of P. falciparum by infection, drug treatment,
and rechallenge with homologous parasites. Camp-immune monkey serum was used to
inhibit the in vitro growth ofeight strains ofP. falciparum. Inhibition was maximumfor the
homologous Camp strain (an average of 62% inhibition by 100 ml/litre Camp-immune
serum). Four other strains were inhibited to a lesser degree, and three strains (FCR-3/FMG,
FVO, and Smith) were not significantly inhibited by Camp-immune serum at concen-
trations as high as 400 mi/litre. FCR-3/FMG-immune serum at a concentration of50 ml!
litre caused significant inhibition of theFCR-3/FMG strain, but not the Camp strain. Thus
Camp and FCR-3/FMG strains appear to bear distinct antigenic determinants recognized
by the homologous, but not the heterologous, antiserum. Inhibition of in vitro growth by
immune serum may be usefulfor serotyping P. falciparum and may have application in the
selection of strains for inclusion in a malaria vaccine.

Antigenic heterogeneity is common among patho-
genic microorganisms. A few organisms, such as
African trypanosomes (1), Plasmodium knowlesi (2)
and Borrelia species (3) have the capacity to alter their
antigens rapidly during the course of infection,
producing successive waves of parasitaemia with
antigenically distinct parasites. This process, known
as antigenic variation, may be an important means of
evading the host's immune response.

However, antigenic differences among members of
most species are stable characteristics. Such dif-
ferences, which can be detected by a variety of sero-
logical techniques, are used to assign organisms to
serogroups or serotypes. Protective immunity is often
group- or type-specific, a fact that has been important
in the development of vaccines against polioviruses
(4), Neisseria meningitidis (5), and Streptococcus
pneumoniae (6).

There is evidence that antigenic heterogeneity
occurs among strains of Plasmodium falciparum.
Splenectomized primates that have recovered from an

* Requests for reprints should be addressed to Department of
Academic Affairs, Walter Reed Army Institute of Research,
Washington, DC 20307, USA. The views of the authors do not
purport to reflect the positions of the Department of the Army or the
Department of Defense.

' Senior Investigator, Department of Immunology, Walter Reed
Army Institute of Research, Washington, DC, USA.

2 Associate Director for Plans, Walter Reed Army Institute of
Research, Washington, DC, USA.

initial P.falciparum infection are more resistant to
challenge with the homologous strain than with a
heterologous strain (7-9). Clinical illness in humans
experimentally infected with P.falciparum is also
modified in those who have been infected previously,
and the degree of modification is greater with ho-
mologous than heterologous challenge (10, 11). In
addition, adults without clinical evidence of malaria
during residence in one endemic area may develop
severe malaria shortly after moving into another,
geographically remote, endemic area (12, 13).

Acquired immunity to malaria is thought to be
mediated, at least in part, by antibodies directed
against merozoite antigens (14), and antibodies that
agglutinate P.falciparum merozoites can be detected
by their ability to inhibit parasite growth in vitro
(15-17). We have used in vitro assays of parasite
growth inhibition to detect antigenic differences
among eight strains of P.falciparum, and have
identified sera that define two distinct serotypes.

MATERIALS AND METHODS

Parasite cultures

P.falciparum was cultured as described elsewhere
(16), except that the medium was supplemented with

4527 317-



318 J. D. CHULAY ET AL.

human serum instead of human plasma. In brief, 5 ml
of a 60 ml/litre suspension of parasitized human type
O erythrocytes in complete medium (RPMI 1640 with
25 mmol/litre HEPES, 32 mmol/litre NaHCO3, and
10% heat-inactivated human type A serum) was
placed in 25-cm2 tissue culture flasks which were
flushed with a 5% O2, 5%o C02, 900o N2 gas mixture,
sealed, and incubated at 37 'C. The medium was
replaced by 4 ml of fresh medium daily. Cultures
were diluted with fresh human erythrocytes twice
each week. When new parasite strains were initiated,
human type AB serum was used to supplement the
medium during the first week.

Parasite strains

We defined a strain of P.falciparum as a popu-
lation of parasites of known ancestry maintained by
serial passage. The Camp (18) and FVO (19) strains
were initiated from cryopreserved erythrocytes from
infected owl monkeys. These strains were originally
obtained by Dr Elvio Sadun and had been intermit-
tently passed in owl monkeys in our laboratory. The
FCR-3 strain (passaged in culture) and the FMG
strain (passaged in owl monkeys), both of which
originated from the same isolate (20), were supplied
by Dr Robert Reese, Rockefeller University, New
York. The Z strain (21) was provided in culture by
Dr Richard Carter, National Institutes of Health,
Bethesda, MD. The Smith (22), Uganda I (23), and
Buchanan (24) strains originated from cryopreserved
human erythrocytes and were provided by Dr Robert
Desjardins, Walter Reed Army Institute of Research,
Washington, DC. The JJ strain originated from a
patient at Walter Reed Army Medical Center who
acquired malaria in April 1978 while travelling in
Liberia and Nigeria, and whose infection was cured
with chloroquine. All strains were maintained in
culture for at least six weeks prior to testing for
inhibition by immune sera.

Monkey serum

Serum was obtained from owl monkeys that had
been immunized by infection and drug cure.a One
monkey (A076-049, see ref. 16 for details) was
infected with the Camp strain of P.falciparum
(5 x 106 parasitized allogeneic erythrocytes) and
treated with chloroquine 10 days later when
parasitaemia was 15%. The animal had no detectable
parasitaemia after rechallenge with 1 x 107, 5 x 108,
and 5 x 108 parasitized autologous erythrocytes 25,
206, and 714 days after the initial infection. Normal

' In conducting the research described in this report, we adhered
to the guidelines given in the Guidefor the care and use oflaboratory
animals of the Institute of Laboratory Animals, National Academy
of Sciences, National Research Council, Washington, DC, USA
(revised 1978).

serum was obtained 8 months prior to initial
infection; immune sera were obtained 1-120 days
after the second rechallenge and 37-180 days after the
third rechallenge.
A second monkey (Al 10-028, male, karyotype III)

was infected with the FMG strain of P.falciparum
(1 x 106 parasitized allogeneic erythrocytes). Thirteen
days later, when parasitaemia was 10%o, a blood
sample was taken and cryopreserved (25) for later
challenges, and the animal was treated with chloro-
quine at 10 mg/kg of body weight, intramuscularly,
daily for 3 days. Despite treatment, parasitaemia
continued to rise and the animal required blood trans-
fusions. On day 16, the parasitaemia was 45%7o; over
the next 3 days, the animal was treated with daily oral
doses ofWR 184 806 at 24 mg/kg of body weight (26)
and promptly recovered. The monkey was
rechallenged with 1 x 107 parasitized autologous
erythrocytes on day 60 and had patent parasitaemia
(maximum 0.02%) on days 64-66 only. Parasitaemia
was not detected after rechallenge on day 105 with
2 x 108 parasitized autologous erythrocytes. Normal
serum was obtained 24 months prior to initial infec-
tion, and immune serum was obtained 85 days after
the second rechallenge. Sera were frozen at - 80 °C
and heat-inactivated (30 min at 56 °C) immediately
prior to use.

Inhibition ofgrowth in vitro

In one group of experiments, inhibition of growth
by immune serum was assessed as described
previously (16). In brief, parasites were cultured in
96-well microculture plates, using 100 1l of a 15 ml/
litre erythrocyte suspension in complete medium
(containing 100 ml/litre human serum) with genta-
micin (10Ig/ml) and various dilutions of monkey
serum. The initial parasitaemia of these cultures
varied from 0.2% to 0.7%. The plates were placed in
gas-tight boxes, flushed with a gas mixture of 5%07o2,
5070 C02, and 90% N2, and incubated at 37 'C. The
medium, with appropriate concentrations of monkey
serum, was changed daily, and thin smears were
prepared from triplicate wells after 3 days.

In other experiments, inhibition of growth by
immune serum was assessed by exposing synchro-
nized parasites to normal or immune serum for 18
hours during the period of reinvasion. Cultures were
synchronized by two exposures to 5%o sorbitol at a 27-
hour interval (15), and diluted to 0. 15%o. Three days
later, when cultures contained late trophozoites and
early schizonts at approximately 1%o parasitaemia,
parasites were cultured in 96-well microculture plates
with immune monkey serum as above. Reinvasion
was completed within 18 hours, after which thin
smears were made.

Parasitaemia was determined by examining
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Giemsa-stained smears until 100 parasitized erythro-
cytes or a total of 5000 erythrocytes had been
counted. Percentage inhibition was calculated at each
serum dilution from the formula:
'1 parasitaemia in immune serum) 100
\ parasitaemia in normal serum
When this value was negative, growth inhibition

was considered to be 0.

Statistical analysis

After logarithmic transformation of the data to
correct for nonhomogeneity of variance, geometric
means were compared by Student's one-tailed t-test,
using a pooled variance.

RESULTS

Growth ofparasites

Eight strains of P.falciparum were tested (Table 1).
The Camp, FCR-3, and Z strains, which had been
continuously cultured in our laboratory for up to 18,
12, and 3 months, respectively, had an average

growth rate of 8- to 10-fold in 48 hours. The Smith
and Uganda I strains, which are used in our institute
for in vitro chemotherapy studies (27), were main-
tained in medium supplemented with 100 ml/litre
human plasma, in which they had an average growth
rate of 4-fold per 48 hours. Cultures of the other three
strains were newly initiated from cryopreserved
human or monkey erythrocytes. The growth rates of
these strains fluctuated between 3- and 9-fold per 48
hours during a six week "adaptation" period. All
eight strains had at least a 6-fold control growth rate
during the inhibition assays.

Inhibition ofgrowth in vitro

Using sera from the monkey that had been
immunized with the Camp strain of P.falciparum,
100 ml/litre immune serum caused significant inhibi-
tion in the 3-day assay with only three of the eight
strains (Camp, JJ, and Z). Two other strains (Uganda
I and Buchanan) were inhibited by higher concen-
trations of Camp-immune serum. Three strains
(Smith, FVO, and FCR-3) were not significantly
inhibited by Camp-immune serum at concentrations
as high as 400 ml/litre (Table 1).

Table 1. Inhibition of in vitro growth of eight strains of P. falciparum by serum from an owl monkey immunized with
Camp strain parasites'

Percentage inhibitionC at serum concentration of:
Experimentb Parasite strain Geographic origin 25 ml/l 50 ml/l 100 mI/l 200 mI/l 400 mi/I

1 Camp Malaysia 59 62 74 NTd NT
Z Zaire 9 28 41 NT NT

Uganda Uganda 0 20 54 NT NT

FCR-3 Gambia 0 8 0 NT NT

Smith Viet Nam 0 15 0 NT NT

2 Camp Malaysia 0 23 38 60 85

Uganda Uganda 0 0 0 6 37

FCR-3 Gambia 0 0 0 0 0

3 Camp Malaysia 41 43 71 75 95
JJ West Africa 0 0 50 59 56
Buchanan Democratic Kampuchea 0 0 9 37 38
Smith Viet Nam 0 0 0 32 27

FVO Viet Nam 16 14 15 0 0

a Inhibition was measured after exposure of non-synchronous cultures to normal or immune monkey serum for 3 days.
b In experiment 1, immune serum was obtained 43 days after the second challenge. In experiments 2 and 3, the immune serum was

a pool of 5 samples obtained 37-79 days after the second challenge.
c All inhibition values > 37% were significantly different from growth in normal monkey serum (P < 0.05). All lower values were not

significantly different.
d NT=not tested.
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In these experiments, exposure to normal monkey
serum for three days had different effects on different
parasite strains. Growth of the Camp, JJ, Z and
Uganda I strains was enhanced when normal monkey
serum was added to complete culture medium;
growth of the Buchanan strain was unaffected by
normal monkey serum; and growth of the FCR-3,
FVO and Smith strains was inhibited by high concen-
trations of normal monkey serum.

Using a different assay, in which normal synchro-
nized cultures were exposed to test sera for 18 hours
during the period of reinvasion, normal monkey
serum did not stimulate or inhibit parasite growth. In
this assay, immune monkey serum again produced
strain-specific inhibition of P.falciparum growth.
Using Camp-immune serum obtained at various times
after challenge, inhibition of the Camp strain was
consistently greater than inhibition of the FCR-3
strain (Fig. 1). Conversely, serum obtained from a
monkey immunized with the FMG strain caused
greater inhibition of the homologous FCR-3 strain
than the heterologous Camp strain (Table 2).

Clusters of extracellular merozoites grouped
around malarial pigment (15-17) were seen in all
cultures inhibited by immune serum.

DISCUSSION

Our data using continuously cultured P.falci-
parum and sera from immune owl monkeys demon-
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Fig. 1. Inhibition of in vitro growth of the Camp and FCR-
3 strains of Plasmodium falciparum by 100 ml/litre
Camp-immune serum. Serum, obtained from an owl
monkey at various times after challenge with the Camp
strain of P. falciparum, was added to synchronized
cultures for 18 h during the period of reinvasion.

Table 2. Inhibition of in vitro growth of two strains of
P. falciparum by serum from owl monkeys immunized
with FCR-3/FMG strain parasitesa

Percentage inhibition at serum
concentration of: b

Parasite strain 25 mI/I 50 mI/l 100 mI/l

FCR-3/FMG 53 46 59
Camp 0 18 40

a Inhibition was measured after exposure of synchronized
cultures to normal or immune monkey serum for 18 hours during
the time of reinvasion.

b Immune serum was obtained 85 days after the second
challenge.

strated strain-specific inhibition of parasite growth.
Antisera developed against Camp strain parasites
inhibited the Camp strain more than the seven other
strains tested, and at concentrations as high as
400 ml/litre did not significantly inhibit three of these
strains, including the FCR-3 strain. Conversely,
antiserum developed against the FMG strain inhibited
the related FCR-3 strain, but not the Camp strain.
Thus these two antisera define two serotypes of
P.falciparum. Parasite inhibition was associated with
merozoite agglutination by both of these antisera.
One of the anti-Camp sera that exhibited strain-
specificity has been shown to produce electron-dense
immune precipitates on the surface of Camp mero-
zoites (15), suggesting that strain-specific antigens
reside on the merozoite surface.
The antigens recognized by immune sera appear to

be stable. For a single strain and single immune
serum, repeated testing gave similar results (16), and
attempts in our laboratory to induce antigenic
variation by repeated exposure of cultures to immune
monkey serum have been unsuccessful (J. Williams,
unpublished observations, 1979).
Our study supports the findings of Wilson &

Phillips, who tested the ability of acute and
convalescent West African human sera to inhibit the
growth of P.falciparum in short-term cultures (28).
Acute sera showed little or no inhibitory activity
against any isolate, and convalescent sera were more
inhibitory for homologous isolates than for various
heterologous isolates.

Strain-specific immunity may be an important
consideration in developing a malaria vaccine.
Protective immunity to malaria in humans (10, 11)
and subhuman primates (7-9) is often strain-specific,
although several studies have demonstrated a degree
of cross-reactive immunity among some strains
of P.falciparum (8,9). Owl monkeys, previously
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immunized with mature schizonts and merozoites of
the FUP strain of P.falciparum administered with
adjuvants, and then challenged with the FUP strain,
were partially protected against subsequent challenge
with the FVO strain (29). Another study demon-
strated that owl monkey serum from an animal
previously infected with the FCR-3/FMG strain
reacted with the merozoite surface of not only the
homologous parasite but also the FCR-4 strain (30).
However, our data indicate that geographically
distinct strains of P.falciparum sometimes express
cross-reactive antigens, and these studies may have
fortuitously used strains of similar serotypes.
Humans who are semi-immune because of chronic

and repeated infections with P.falciparum may also
possess cross-reactive immunity. Liberians living in
an area hyperendemic for malaria showed similar
reactions to inoculation of a local strain of P.falci-
parum and a strain obtained from a distant part of the
country (31). The globulin fraction of sera obtained
from West African adults can reduce parasitaemia in
East African children infected with P.falciparum.
Since sera obtained from West African individuals
1-2 weeks after treatment of P.falciparum infection
are more inhibitory for homologous isolates than for
various heterologous isolates (28), these studies
suggest that acquired immunity involves the produc-
tion of antibodies against a number of antigenically
distinct parasites, and that parasites with common
antigens are geographically widespread. Our demon-
stration that an antiserum against the Malaysian
Camp strain of P.falciparum did not inhibit another
south-east Asian strain (FVO), but did inhibit an
African strain (JJ) to nearly the same degree as the
homologous Camp strain (Table 1), is compatible
with this hypothesis.

Although there is ample evidence to suggest that
serotype-specific immunity is a major component of
the total protective immune response, under some
circumstances cross-reactive immunity may also be
important. Indeed, at certain times following
challenge, and at high serum concentrations, some
immune monkey sera were able to inhibit heter-

ologous strains to some extent. We infer from these
data that the titres of serotype-specific and cross-
reactive antibodies may follow different time
courses.
Of parenthetical interest was the chloroquine

resistance of the FMG strain of P.falciparum used to
infect an owl monkey to obtain immune serum. The
parent isolate of this strain was the source of the FCR-
3 strain, which caused a clinically chloroquine-
resistant infection in a laboratory worker after
accidental inoculation (33). Although the FCR-3
strain was felt to be initially chloroquine-sensitive
(34), comparison with other P.falciparum strains
(35) suggests that it had an intermediate response to
chloroquine even before exposure to the drug in vitro.
We tested the FMG strain isolated from owl monkey
Al 10-028 by an in vitro radioisotope technique (27)
and found that it was more than 10 times more
resistant to chloroquine than the Camp strain tested
simultaneously (data not shown). The FCR-3/FMG
strain thus appears capable of developing a high
degree of chloroquine resistance during culture, with
or without exposure to chloroquine, and also during
passage in owl monkeys in the absence of chloroquine
pressure.

Serotyping of P.falciparum by a growth inhibition
assay, such as we describe here, may be a useful
addition to existing methods of strain characteri-
zation, such as antimalarial drug sensitivity, charac-
teristics of growth in culture, isoenzyme typing (36),
two-dimensional protein electrophoresis (37), and
serotyping based on S-antigens (38) or immuno-
fluorescence reactions with monoclonal antibodies
(39). The Camp and FCR-3 serotypes have been used
to demonstrate strain-specific agglutination of mero-
zoites and inhibition of merozoite invasion by human
immune serum (40). Since inhibition of parasite
growth by antibody-mediated merozoite aggluti-
nation in vitro may reflect an important mechanism
of protective immunity, characterization of
P.falciparum in this way might be helpful in selecting
strains for inclusion in a malaria vaccine.
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RtSUME

SEROTYPES DE PLASMODIUM FALCIPARUM DEFINIS D'APRES L'INHIBITION DE LA CROISSANCE IN VITRO PAR DES
IMMUNSERUMS

Les personnes qui ont presente des infections paludeennes
repetees acquierent graduellement une certaine immunite
partielle. Cette immunite semble etre sp6cifique de souche et
l'on pense qu'elle est due, en partie au moins, a des
anticorps qui agglutinent les merozoites et inhibent leur
croissance in vitro. Dans la presente 6tude, on a utilise des
immuns6rums de singe dans des epreuves d'inhibition de la
croissance in vitro en vue de deceler les differences anti-
geniques parmi des souches g6ographiquement distinctes de
Plasmodium falciparum. Des singes nyctipitheques ont ete
immunis6s contre les souches Camp et FCR-3/FMG de
P.falciparum. A cette fin, ils ont e infectes, ont subi une
chimiotherapie et ont e eprouves a nouveau avec les
parasites homologues. L'immunserum de singe anti-Camp a
e utilise pour tenter d'inhiber la croissance in vitro de huit
souches de P.falciparum. L'inhibition etait maximale dans
le cas de la souche Camp homologue (inhibition moyenne de
62% par l'immunserum anti-Camp a la concentration de

100 ml/litre). Quatre autres souches ont ete inhibees a un
moindre degr6 et trois souches (FCR-3/FMG, FVO et
Smith) n'ont pas et notablement inhibees par l'immun-
serum anti-Camp meme a des concentrations elevees telles
que 400 ml/litre. L'immunserum anti-FCR-3/FMG, a la
concentration de 50 ml/litre, entrainait une inhibition signi-
ficative de la souche homologue mais non de la souche
Camp. Ainsi, les souches Camp et FCR-3/FMG semblent
porter des determinants antigeniques differents reconnus
par l'immunserum dirige contre l'antigene homologue, mais
pas par celui dirige contre l'antigene heterologue. Les
antigenes specifiques de souches reconnus dans ces epreuves
d'inhibition de la croissance etaient stables; il n'a ete
observe aucun signe de variation antigenique. L'inhibition
de la croissance in vitro par des immunserums peut etre
precieuse pour determiner le serotype de P.falciparum et
pourrait permettre de choisir les souches a inclure dans un
vaccin antipaludique.
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