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Abstract
The feasibility of a malaria vaccine is supported by the fact that children in endemic areas develop
naturally acquired immunity to disease. Development of disease immunity is characterized by a
decrease in the frequency and severity of disease episodes over several years despite almost
continuous infection1, suggesting that immunity may develop through the acquisition of a
repertoire of specific, protective antibodies directed against polymorphic target antigens1-3.
Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) is a potentially important
family of target antigens, because these proteins are inserted into the red cell surface and are
prominently exposed4-6 and because they are highly polymorphic and undergo clonal antigenic
variation7,8,18, a mechanism of immune evasion maintained by a large family of var genes9-11. In a
large prospective study of Kenyan children, we have used the fact that anti-PfEMP1 antibodies
agglutinate infected erythrocytes in a variant-specific manner10,12-16, to show that the PfEMP1
variants expressed during episodes of clinical malaria were less likely to be recognized by the
corresponding child’s own preexisting antibody response than by that of children of the same age
from the same community. In contrast, a heterologous parasite isolate was just as likely to be
recognized. The apparent selective pressure exerted by established anti-PfEMP1 antibodies on
infecting parasites supports the idea that such responses provide variant-specific protection against
disease.

To study protection by anti-PfEMP1 antibodies it was necessary to focus on a group of
children who were at various stages of developing a full repertoire of anti-PfEMP1
responses. As the period over which the antibody repertoire develops will vary with local
rate of exposure, it was important first to determine the age range to study. To this end, 200
serum samples (40 from each of five age classes: 1–2, 3–4, 5–6, 7–8 and 9–12 years) were
taken from children in March 1993. Each was tested for its ability to agglutinate four
parasites (C10, A4, W1008 and W1027). As shown in Fig. 1a, the prevalence of antibody
responses to all isolates rose between 1 and 5 years of age. This agrees closely with the age
range over which naturally acquired immunity to malaria develops in this part of Kenya
(data not shown). As expected, responses to the different isolates were independent and
specific, since the number of individuals in each age group that recognized between zero and
four isolates (Fig. 1b) has a diagonal structure that fits very closely that predicted by a
binomial distribution (not shown).
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Defining the role of parasite antigens in naturally acquired immunity has been problematic.
The ubiquity of asymptomatic infection in those age groups susceptible to disease combined
with the difficulty of determining the immune status of any individual means that relating
any particular immune response to clinical immunity is only possible in large, prospective
studies17. With this in mind we recruited a cohort of 4783 children aged between 1 and 5
years old. Blood samples were taken from the children in a cross-sectional survey at the
beginning of the long rainy season during May 1995. Over the following 8 months (which
included two periods of malaria transmission), 65 parasite isolates were collected from
children of the cohort who returned to the hospital with clinical malaria. Parasites were
collected from patients with both severe and mild malaria; 34 were outpatients and 31 were
admitted to the hospital. Since only immature parasites that do not express PfEMP1 are
present in peripheral blood, parasite isolates were grown in vitro until they were mature
trophozoites. Because the repertoire of PfEMP1 variants that can be expressed by a single
genotype is large and the rate of antigenic switching is high, parasites sampled at any point
in time may constitute complex mixtures of different variant types18. Thus, to assess the
antibody response to these proteins, we used agglutination assays to measure response to the
whole parasite population present at the time of sampling. Assays were performed to test for
recognition of each isolate by the corresponding infected child’s own serum collected in the
initial cross-sectional survey (index) and plasma collected at the time of acute illness
(acute). To determine the expected prevalence of antibodies in the population, each parasite
was also assayed against sera from 20 age-matched controls also drawn from the samples
collected in May 1995. Data from the 65 parasite isolates were pooled.

A marked difference was seen in the frequency with which parasites causing disease were
recognized by index sera compared with sera from age-matched controls from the same
community (Table 1). This difference cannot be accounted for by differences in prior
exposure, as the parasite rates in the two groups were almost identical at the time of
sampling (Table 1). Since the parasite rate was found to be rising with age within the
controls and has therefore not reached saturation (data not shown), this measurement is
likely to provide a reasonable estimate of exposure. We further tested the possibility that
there were, nonetheless, differences in exposure on a more local scale by categorizing the
controls into 54 residential zones, defined previously in the 1991 national census, each
containing approximately 100 homesteads and 850 people. The overall rates of positive
responses in controls drawn from the zones of children who presented as cases and those
living in zones from which no case presented were compared. Although one might expect
higher overall exposure in the zones from which cases were drawn, no difference was
detected (Table 1).

We considered the possibility that the lower prevalence of variant-specific antibodies in
index sera was the result of a generalized lower response to the infected erythrocyte surface
rather than the specific absence of a response to the infecting isolate. To test this possibility,
52 of the index sera were tested for their ability to agglutinate a single, heterologous wild
isolate, 1759. To maximize the chances of detecting a reduced prevalence of antibody, each
index serum was compared with three controls matched both by age and zone of residence
within the study area. There was no significant difference between the two groups (Table 1),
suggesting that the index sera have a specific reduction in the prevalence of antibodies
directed against the parasites subsequently causing clinical disease in these children. The
almost exclusive appearance during clinical disease of parasite variants that correspond to
gaps in each child’s developing repertoire of anti-PfEMP1 antibodies suggests that
preexisting antibodies provide protection against parasite variants to which they are directed.

Previous studies have described the development of strong, variant-specific anti-PfEMP1
responses over the weeks following a clinical episode12,15. As shown in Table 1, such
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responses apparently evolve rapidly. Although there was no increase in the prevalence of
antibodies to parasite 1759 at the time of disease, there was already a significant increase in
the prevalence of antibodies specific to the infecting isolates. Since the acute plasma and
parasites were sampled several hours before the parasites would express PfEMP1 in vivo,
the coexistence of parasite variants and corresponding antibody in vitro reflects a situation
that will occur in vivo as the parasites mature, immediately before immune selection. Rapid
production of antibody to the infecting isolate, together with a high rate of PfEMP1 antigen
switching as previously observed in vitro18, could result in a close dynamic relationship
between the emergence of new parasite variants and their removal by the immune system.

Taken together, the variant-specific protection provided by anti-PfEMP1 antibodies, their
rapid induction in response to infection and the expansion of the antibody repertoire during
the period in life when disease immunity is known to be developing support the idea that
these antibodies play an important role in the acquisition of immunity to malaria in children.
It is possible that antibodies to nonvariant epitopes on the red cell surface are also involved
in immunity, particularly in adults19. However, although such antibodies have been isolated
from immune adult serum12, the agglutinating antibody response in adults remains
predominantly variant specific14, suggesting that variant-specific antibodies may play a
continuing role in the maintenance of immunity throughout life.

Methods
Study area

The study was carried out at Kilifi district hospital, situated 60 km north of Mombasa on the
Kenyan coast. An area immediately surrounding the administrative town of Kilifi was
defined in 1991 for surveillance20. More than 10% of the children under the age of 5 years
who reside within the study area are admitted to the hospital each year. The area has
prolonged seasonal P. falciparum transmission following the long and short rains,
transmitted by the Anopheles gambiae s.l. complex21.

Collection of sera before disease occurrence
Information about the study was given out in the local language to people living in the study
area, and parents then came to hospital with their children in May 1995 and gave written
consent at this time. Blood samples were collected from finger pricks into 1-ml Serum
Separator Microtainer tubes (Becton Dickinson, San Jose, CA). Tubes were centrifuged then
stored refrigerated at −70 °C. Thick blood films were prepared, and each of the samples was
examined for parasites. Each child was given a personal (EZ) number, which included
information on zone of residence within the study area, and a sticker on his or her health
card to show participation in the study. The age, EZ number, name and blood group of each
child was stored on a Foxpro database.

Collection of parasites
During the next 8 months, every child who came to the hospital for care carrying a health
card and who had fever and a parasitemia above 100 trophozoites/100 white cells (regardless
of the severity of disease) was recruited to the study. Blood (5 ml) was taken into a tube
containing heparin sulfate, cells were centrifuged at 1800 r.p.m. for 5 min, and acute plasma
was decanted and stored. Mononuclear cells were removed by centrifugation through
Lymphoprep (Nycomed, Oslo, Norway). Granulocytes were removed by flotation on
Plasmagel (Bellon, Neully Sur Seine, France). Packed infected red cells (100 μl) were
cultured in RPMI 1640 (Gibco/BRL, Gaithersburg, MD) in the presence of 10% European
plasma22 until they matured into pigmented trophozoites. To synchronize growth, 1.5 μg/ml
aphidicolin (Sigma) was included in the culture23. The presence of aphidicolin was found to

Bull et al. Page 3

Nat Med. Author manuscript; available in PMC 2013 November 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



have no effect on agglutination phenotype (data not shown). In total, 202 children of the
cohort met the inclusion criteria. Following culture, parasitemia was determined, and those
cultured with a parasitemia below 1 trophozoite/100 uninfected red cells (1%) were
excluded. In total, 105 isolates had a high enough parasitemia for inclusion.

Retrieval of index serum and selection of controls
The index serum from the 1995 cross-sectional survey corresponding to each parasite was
retrieved from the database together with 20 control sera, matched to the index by blood
group and to within 2 months in age. Control selection was carried out by extracting all
samples from the database that met the matching criteria and selecting 20 samples manually
from this list. The number of times that each sample had been thawed was recorded on the
database, and controls were only selected if they had been thawed at least as many times as
the corresponding index serum. Since the list from which controls were selected varied for
each index serum and contained no information related to exposure, the chances of
systematic bias were minimized.

Agglutination
Cells were washed once in RPMI 1640, and fresh uninfected erythrocytes were added, if
necessary, to ensure that the parasitemia was between 1% and 5%. The agglutination method
was modified from one reported12. Cells were diluted to a 5% hematocrit in RPMI 1640,
and ethidium bromide (Sigma) was added to a final concentration of 10 μg/ml.
Agglutination was performed (with these 21 sera together with the acute plasma and serum
samples from a hyperimmune adult and a nonimmune European) in 25-μl (for the first 29
assays) or 12.5-μl reaction volumes (for the latter 36 assays) by using a final test serum
dilution of 1:5. Cells were rotated in a U-bottomed microtiter plate at 60 r.p.m. on a vertical
rotator for 60 min at room temperature. The 25-μl reaction volumes were split into two and
gently pipetted onto two glass slides and covered with a 22-mm coverslip. The 12.5-μl
sample reactions were pipetted onto one slide and covered with an 18-mm coverslip.
Following blind labeling, parasites were examined with a UV microscope. Reactions were
scored positive or negative on the basis of the observation of two or more agglutinates of at
least five cells within a search of 5% of the entire reaction volume, or the observation of
clusters of agglutinates during a subsequent search of at least a further 20% of the reaction
volume. Of the total, 40 assays were excluded at this stage because the observer was unable
to determine variant-specific agglutination. Among those excluded, 19 parasites exhibited an
autoagglutinating phenotype18 or formed large clumps containing both infected and
uninfected cells, so that the infected cells were scored positive for agglutination in
nonimmune serum. The remainder (21 parasites) were not agglutinated by age-matched
controls. Of these, 11 also failed to be agglutinated by the hyperimmune adult serum.

Parasite 1759
This frozen parasite isolate from Kilifi was chosen because it had previously been shown to
be commonly recognized by children’s sera. This isolate showed no tendency to agglutinate
in nonimmune serum, since 30 agglutination reactions containing nonimmune serum were
included in the blinded assay, and none were scored positive.
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Fig. 1.
Age-specific recognition of four P. falciparum isolates by children in the Kilifi area. C10
and A4 are subclones derived from laboratory line IT04 (ref. 18); W1008 and W1027 are
wild isolates from Kilifi. a, The proportion of each age class with agglutinating antibodies to
each isolate, b, The proportion of each age class with antibodies to n isolates.
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Table 1

Agglutination of parasite infected red cells by sera from clinical isolates and controls

n
Agglutination
frequency (%)

Odds ratio
(confidence interval) P value

a
Parasite

rate (%)
B

Controls in zones
 producing cases 861 20.2 1.07 (0.79-1.45)

c
0.70 35.0

Controls in zones
 without cases 434 19.1 33.2

Homologous parasites

Control 
d

1295 19.8 34.4

Index
e

65 4.6 0.20 (0.04-0.60)
f

0.004 32.3

Acute
g

65 35.4 2.21 (1.26-3.85)
h

0.004

Parasite 1759
i

Controls 156 34.0 39.7

Index 52 30.8 0.86 (0.42-1.78)
f

0.80 28.9

Acute 52 34.6 1.03 (0.50-2.09)
h

0.93

a
P value from a Yates corrected chi-square test. P values agreed well with those calculated using logistic regression (not shown).

B
Percentage of samples in which one or more parasites were observed in 200 fields of a thick blood film.

c
Comparison, using the pooled data from 65 assays, between agglutination frequency in controls from zones producing malaria cases and controls

from zones that did not.

d
For each index case, 20 control sera tested, except for five assays in which only 19 controls were used; a total of 1295 controls were tested against

65 isolates.

e
Each parasite tested against corresponding serum collected in May 1995.

f
Comparison between agglutination frequency in index sera and control sera.

g
Each parasite was tested against the corresponding acute plasma sampled at the time of presentation with malaria.

h
Comparison between agglutination frequency in acute plasma and control sera.

i
Sera from 52 index cases and 156 controls tested against heterologous parasite 1759.
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