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Introduction

The Plasmodium falciparum asexual blood-stage antigen
Pf332 is expressed in trophozoites, and the antigen is trans-
located to the surface of mature schizonts [1,2]. Antibodies
reactive with Pf332 have been shown to be parasite neutral-
izing in P. falciparum in vitro cultures [3], and they have also
been associated with lower parasitaemia [4] and lower
numbers of malaria attacks [5], observations forming the
basis for considering the antigen a vaccine candidate. Previ-
ous analyses of Pf332 have focused on epitopes in the
glutamic acid (Glu)-rich repeat region of the antigen, and in
particular on EB200, a 157-amino-acid fragment in the
central part of Pf332 [6]. EB200 appears to be highly immu-
nogenic in humans, as indicated by the high prevalence of
antibody reactivity to it in individuals exposed to malaria
[5,7]. However, as antibodies reactive with EB200 are poten-
tially cross-reactive with other Glu-rich P. falciparum anti-
gens [8,9], it is difficult to identify the true target antigen for
the antibodies. In order to address this problem, a 231-
amino-acid-long C-terminal fragment of Pf332, designated
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Summary

Previous studies have shown that antibodies from humans exposed continu-
ously to malaria recognize the Plasmodium falciparum asexual blood-stage
antigen Pf332. Here we analysed the antibody responses to a C-terminal
fragment of Pf332, designated C231, in individuals from Senegal, by measur-
ing the serum levels of immunoglobulin M (IgM), IgG class and subclass and
IgE antibodies. IgG antibody reactivity with crude P. falciparum antigen was
detected in all the donors, while many of the children lacked or had low levels
of such antibodies against C231. The antibody levels increased significantly
with age for both crude P. falciparum antigen and C231, and in the older age
groups most of the donors displayed antibodies to C231. This was also true for
IgM, IgE and IgG subclass reactivity against C231. Moreover, the ratio of
IgG1/1gG2 was considerably lower for C231 than for crude P. falciparum
antigen, and in age groups 10-14 and 15-19 years the levels of IgG2 against
C231 even exceeded that of IgG1. The IgG2/IgG3 ratios suggest that C231
gives similar levels of IgG2 and IgG3, except for children aged 4-9 years, where
IgG3 was higher. Raw IgM, IgG class and subclass and IgE antibody levels to
C231 tended to be higher in those who did not experience a malaria attack, but
following linear multivariate analysis the trends were not significant.

Keywords: antibody responses, antigen/ epitopes, immunoglobulins, Plasmo-
dium spp.

C231, was cloned [10]. The lower content of Glu in the C231
fragment (14%), compared with that in EB200 (33%), is
expected to enable monitoring of Pf332-reactive antibodies,
showing lower cross-reactivity with other antigens.

The parasite neutralizing effect of antibodies to
P. falciparum asexual blood-stage antigens is well docu-
mented from both in vitro and in vivo observations. The
protective role of immunoglobulin G (IgG) and its sub-
classes have been investigated for many P. falciparum anti-
gens, but IgM and IgE have not been given the same
attention in this context. Anti-malarial IgE antibodies have
been reported to be associated with cerebral malaria [11-13]
but, in asymptomatic individuals in Tanzania, such antibod-
ies have also been associated with a lower risk of developing
a subsequent clinical episode of malaria [14]. Some studies
suggest a protective role for IgM in P. falciparum malaria,
where non-immune individuals had lower levels of anti-
malarial IgM than semi-immune and immunoprotected
individuals, and a negative correlation between parasite
density and the concentration of IgM antibodies was seen
[15]. Also, a correlation between low levels of IgM, high
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parasitaemia and death has been demonstrated [16]. Several
studies show that high titres of malaria-specific 1gG are
related to protection from severe malaria, and cytophilic
subclasses 1gG1 and IgG3 have been considered to be the
most important antibodies in protection [17]. It has also
been indicated that only IgGl and IgG3 antibodies can
mediate efficiently opsonization of infected erythrocytes,
and this effect was inhibited by IgG2 and IgG4 antibodies
[18]. However, there are some studies that suggest a protec-
tive role of IgG2 in vivo [19,20].

In this study we analysed antibody reactivity in individu-
als from Senegal to C231, compared with that to a crude
P. falciparum extract, by measuring the levels of antibodies of
IgM, IgG class and subclass and IgE in relation to the number
of malaria attacks during the following year.

Materials and methods

Recombinant protein

A His-tagged recombinant protein, C231, was produced in
Escherichia coli using the plasmid vector pAff10c [10].

Crude malaria antigen

Strain F32 of P. falciparum was maintained in continuous
culture as described previously [21] and kept synchronized
by repeated treatment with sorbitol [22]. When the parasi-
taemia in the cultures was 10% or more, late-stage parasites
(late trophozoites and schizonts) were isolated on 60%
Percoll, sonicated and used as antigen in the enzyme-linked
immunosorbent assay (ELISA) [23].

Study population

Sera from 100 asymptomatic donors aged 4-87 years living in
the P. falciparum endemic area of Dielmo, Senegal were col-
lected in March 1994 [5]. Dielmo is located in an area of
Sudan-type savanna, where the rainy season extends from the
end of June to mid-October. Transmission is intense and
perennial and on average each individual receives 204 infected
P. falciparum bites per night. All individuals were monitored
for clinical attacks of malaria for a period of 36 months prior
to the sampling and up to 12 months afterwards. Information
pertaining to certain antibody responses, age, sex, haemoglo-
bin, phenotype, G6PD activity and time actually spent in
Dielmo by each villager, as well as occurrence of clinically
defined malaria attacks, was collected [5,24,25]. A malaria
attack was defined as a febrile episode associated with an
age-dependent pyrogenic threshold of parasitaemia deter-
mined previously in Dielmo village [24,25]. Sera from 10
Swedish donors not exposed to malaria served as controls. All
samples were collected with informed consent and the Min-
istry of National Health in Senegal and the National Ethics
Committee in Sweden approved the study.
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Enzyme-linked immunosorbent assay

Enzyme immunoassay/radioimmunoassay plates (Costar,
Corning, NY, USA) were coated overnight at 4°C with anti-
gens in sodium carbonate buffer (pH 9-6) at concentrations
of 10 ug/ml for crude P. falciparum antigen and 5 ug/ml for
recombinant C231. After blocking at 37°C with carbonate
buffer containing 1% bovine serum albumin (w/v) for 2 h,
the plates were washed with saline containing 0-05% Tween
20. Serum dilutions (1:1000 for IgG and IgM, 1:100 for IgE,
1:400 for IgG1 and IgG3 and 1:20 for IgG2 and IgG4) were
added to the plates and incubated 1h at 37°C. IgG and
IgM antibodies were detected using alkaline phosphatase
conjugated to Fc fragment-specific goat anti-human IgG
(Mabtech AB, Nacka, Sweden) and goat anti-human IgM
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) respectively. Antibodies of IgE and IgG1, IgG2, IgG3
and IgG4 subclasses were detected using biotin-conjugated
goat or mouse anti-human monoclonal antibodies (IgE:
Vector Laboratories, Burlington, CA, USA; IgG1 and IgG2:
PharMingen, San Diego, CA, USA; IgG3: Caltag Laborato-
ries, Burlingame, CA, USA; IgG4: Sigma, St Louis, MO, USA)
and alkaline phosphatase conjugated streptavidin (Mabtech
AB). The assay was developed with p-nitrophenyl phosphate
disodium salt (Sigma) as substrate and the optical densities
were read at 405 nm in an ELISA plate reader (VmaxTM
Kinetic Microplate Reader, Menlo Park, CA, USA). The con-
centrations of anti-malarial antibodies were calculated from
standard curves obtained in a sandwich ELISA with six dilu-
tions of myeloma protein of IgGl-4 isotypes (Serotec,
Oxford, UK) or with highly purified 1gG, IgM and IgE
respectively (IgG and IgM: Jackson ImmunoResearch Labo-
ratories; IgE: NIBSC, Potters Bar, Hertfordshire, UK).

Statistical analyses

Statistical tests were carried out using either Statview 5-0
(®SAS Institute Inc., Cary, NC, USA) or JMP 5-0.1-2 (®SAS
Institute Inc.) software. Differences in antibody levels
between the different age groups or between individuals with
or without a malaria attack were analysed by Mann—Whitney
U-test. Spearman’s rank correlation test was used to estimate
correlations between age and antibody levels as well as
between different Ig classes. The relationship between the
number of malaria attacks observed during the follow-up,
and selected explanatory variables was tested first using a
linear multivariate model and then, after elimination of the
non-significant variables, by retesting the significant data in
anon-linear model with a Poisson distribution. In our analy-
sis, the number of malaria attacks (which follows a Poisson
distribution) was modelled as a non-linear function of age
and different antibody responses tested. One parameter at a
time was removed from the final model formula and the
partial sum of squared error (SSE) was recalculated without
this parameter and compared with the SSE of the full model.
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Fig. 1. Immunoglobulin G (IgG) reactivity of sera from Senegalese
donors with crude malaria antigen and C231. Sera from 100 donors
were analysed at a dilution of 1: 1000 for reactivity with crude
Plasmodium falciparum antigen extract as well as with C231 in
enzyme-linked immunosorbent assay. The individual donors

(4-87 years) are displayed according to age and the different age
groups are indicated below the bars. White bars display reactivity with
C231 and reactivity with crude malaria antigen is shown as black bars.
In cases where the white bars mask the black bars, a horizontal line
indicates the height of the black bar.

A y? value corresponding to the likelihood ratio ” test for
the hypothesis that a regression parameter is zero was
computed. This indication was obtained for the antibody
responses found significant previously in the stepwise
regression model and then tested for their potential contri-
bution in the non-linear model. When the lack-of-fit > was
found significant, the result supported the conclusion that
there existed a consistent contribution of the antibody
response tested by introducing detectable variation on the
regression variable. Bonferroni correction of the P-values
was performed when multiple tests were carried out on the
same set of data.

Results

Human serum IgG, IgM and IgE reactivity with C231
and crude malaria antigen

In order to investigate the natural antibody response to the
antigen Pf332 fragment C231, sera from donors residing in
the malaria-endemic village Dielmo in Senegal were assessed
by ELISA for their reactivity with recombinant C231 in com-
parison with their reactivity with crude malaria antigen
extract (Figs 1 and 2). The results presented and used for
statistical analysis were ELISA units, determined from a stan-
dard curve. For univariate statistical analyses, the donors
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Fig. 2. Immunoglobulin G (IgG) (a), IgM (b) IgE against crude P.f antigen and C231
and IgE (c) levels to crude Plasmodium 09
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4-9 =15), 10-14 -1, o 26 » * W
groups, 4-9 years (n=15), 10-14 years (n=17), 2 os5F — — §§
15-19 years (n = 18) and 20-87 years (n = 50). W g4f §§
Enzyme-linked immunosorbent assay using £ 0-3F §§
sera from Senegalese donors as described in % 0.2 } ﬂj % f §§
Materials and methods measured antibody O o1} : NN
reactivity. The boxes represent the values 0.0 mal

between the 25% to the 75% quartile and the
line indicates the median. The whiskers indicate
the 10% and 90% quartile. *P < 0-05.
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Table 1. Human serum immunoglobulin G (IgG) subclass reactivity with crude malaria antigen and C231 in different age groups. Values represent

enzyme-linked immunosorbent assay units, mean = standard error.

Crude malaria antigen (F32) C231
Age (years) IgG1 IgG2 IgG3 IgG4 IgG1 IgG2 IgG3 IgG4
4-9 (n=15) 119 * 46-6 1-1 £ 071 41 £ 12 0-5 *+ 092 0-37 = 0-13 0-1 £ 0-04 1-:0 £ 091 0-08 = 0-023
P-value 0-76 0-84 0-02 0-46 0-14 0-0013 0-0097 0-64
10-14 (n=17) 109 *= 35-3 0-93 = 0-27 93 +23 0-56 £ 0-17 0-83 = 0-44 1-8 = 0-69 1.7 = 071 0-66 = 0-34
P-value 0-0091 0-067 0-013 0-87 0-016 0-075 0-0048 0-23
15-19 (n=18) 486 £ 194 8:8 = 4-0 153 =19 0:68 = 0-18 1-1 £ 036 4.0 £ 22 4.7 £ 12 0-72 = 0-26
P-value 0-53 0-39 0-57 0-60 0-23 0-43 0-91 0-81
20-87 (n=50) 504 = 108 99 =24 186 £ 19 0-55 £ 0-1 22-1 £ 84 6:3 =12 6:2 + 0-98 1.2 = 0-34

were divided into age groups of 4-9, 10-14, 15-19 and
> 20 years.

IgG antibody reactivity against crude malaria antigen was
considerably higher than against C231, and was detected in
the sera from all individuals, increasing with age (R = 0-461;
P <0-0001; n=100) (Fig. 1). However, when the levels of
IgG reactivity were compared between age groups, a signifi-
cant difference (P < 0:05) was seen between only the two
lowest age groups, 4-9 and 10-14 years, while no such dif-
ference was seen between the higher age groups (Fig. 2a).

While IgG antibody reactivity to C231 in age groups 4-9
and 10-14 years was mainly low or absent, there was an
overall increase by age (R = 0-495; P < 0-0001) (Fig. 1). When
the levels of IgG reactivity were compared between age
groups, there were significant differences (P < 0-05) between
age groups 4-9 and 10-14 years, as well as between 10-14
and 15-19 years (Fig. 2a), while no significant increase was
seen in the highest age group. There was a significant corre-
lation between the IgG antibody reactivity to C231 and
crude malaria antigen (R =0-787; P < 0-0001).

As for IgG, the serum IgM antibody reactivity with
both crude malaria antigen and C231 increased with
age (R=0-310; P=0-002 and R=0-345; P=0-0006
respectively). When the levels of IgM reactivity were com-
pared between age groups, there was only a significant dif-
ference (P < 0-005) between the two lowest age groups, 4-9
and 10-14 years, regarding both antigens (Fig. 2b). While
the levels of IgM antibody reactivity were similar against
both C231 and crude malaria antigen, the IgM reactivity
against C231 showed higher levels than the IgG reactivity
against this antigen in all age groups, except for 15-19 years
(Fig. 2a,b). With regard to IgG, there was a significant cor-
relation between the IgM antibody reactivity to C231 and
crude malaria antigen (R = 0-854; P < 0-0001).

Also the serum IgE antibody reactivity against both
crude malaria antigen and C231 showed an increase by
age (R=0-525; P<0-:0001 and R=0-477; P<0-0001
respectively). Comparing the levels of IgE antibody reactivity
with C231 between the different age groups, there was a
significant difference (P < 0-05) between the groups 4-9 and
10-14 years, as well as between the latter group and
15-19 years, while no significant increase in IgE antibody

© 2008 The Author(s)

reactivity was seen in the oldest group, 20-87 years (Fig. 2¢).
Regarding IgE antibodies reactive with crude malaria
antigen, the levels differed significantly (P < 0-05) between
only the age groups 10-14 and 15-19 years. Also for IgE, a
significant correlation between the IgE antibody reactivity to
C231 and crude malaria antigen was found (R =0-553;
P < 0-0001).

There was a significant correlation between the levels of
IgE and IgG antibodies to both C321 and crude malaria
antigen (R=0-789; P<0-0001 and R=0-616; P < 0-0001
respectively), as well as between the levels of IgM and IgG to
both antigens (C231: R=0-776; P < 0-0001; crude malaria
antigen: R = 0-728; P < 0-0001).

Immunoglobulin G subclass patterns of antibodies to
C231 and crude malaria antigen

The levels of antibodies of the four IgG subclasses, showing
reactivity with C231 and crude malaria antigen, were analy-
sed by ELISA. IgG1 dominated the antibodies that were reac-
tive with crude malaria antigen in concentrations, followed
by 1gG3, I1gG2 and IgG4 (Table 1), and an increase of the
levels with age was seen for all IgG subclasses, except for IgG4
(IgGl: R=0-318; P=0-0015; I1gG2: R =0-466; P <0-0001;
IgG3: R=0-538; P<0-0001; IgG4: R=-0-083; P=0-42).
However, when the levels of the IgG subclass reactivity were
compared between age groups, significant differences were
seen for only IgG1 and IgG3 between some of the age groups
(Table 1).

With regard to antibodies reactive with C231, 1gG3
appeared in general at the highest concentrations, followed
by IgG1 and IgG2 with largely similar concentrations, and
IgG4 with the lowest concentrations (Table 1). The C231-
reactive antibodies of all subclasses increased with age (IgG1:
R=0-2389; P=0-0001; IgG2: R=0-515; P<0-0001; IgG3:
R =0-488; P < 0:0001; IgG4: R =0-302; P = 0-003). However,
when the levels of the IgG subclass reactivity were compared
between age groups, significant differences were seen mainly
for 1gG2 and IgG3 between the lower age groups, 4-9 and
10-14 years, and regarding IgGl, IgG2 and IgG3 also
between the age groups 10-14 and 15-19 years (Table 1). As
with antibodies reactive with crude malaria antigen, no
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Table 2. Ratios between the levels immunoglobulin G1 (IgG1), IgG2 and IgG3 subclasses of antibodies reactive with crude malaria antigen or C231 in
the different age groups.

Age group Crude malaria antigen C231
(years) IgG1 : IgG2 IgG1 : IgG3 IgG2 : IgG3 IgG1 : IgG2 IgG1 : IgG3 IgG2 : IgG3
4-9 108 29 0-3 36 0-4 0-1
10-14 118 12 0-1 0-5 0-5 1-1
15-19 54 31 0-6 0-3 0-2 09
20-87 51 27 0-5 35 35 1-0
significant increase in antibody reactivity against C231 was age was higher in the group of individuals that did not expe-
seen in the highest age group for any of the IgG subclasses. rience malaria compared with those who did (28-2 =
Comparison of the patterns of IgG subclasses of antibod- 1-8 years and 13-3 = 3-8 years respectively). Our previous
ies to C231 and crude malaria antigen in the different age observations indicated an association between reduced risks
groups was performed by calculating the ratios of the levels of malaria attack when IgG anti-crude malaria antigen (F32)
of IgG1/1gG2, I1gG1/IgG3 and IgG2/IgG3 respectively or anti-EB200 increased [5]. Our analyses show that indi-
(Table 2). IgG4 was omitted in this analysis, as this subclass viduals who did not experience any malaria attacks during
showed consistently the lowest levels in all instances. While the follow-up period tended to have higher anti-C231
the IgG1/IgG2 ratios of antibodies against crude malaria responses (IgM, IgG, IgE and IgGl-4) than the others,
antigen were high (range 51-108) and declined by age, these although these differences did not reach significance
ratios for antibodies reactive with C231 were considerably (Table 3). In a multivariate analysis of the IgG responses
lower (range 0-3-3-6). It is worth noting that, in the age against C231, and when controlling for age, number of
groups 10-14 and 15-19 years, the levels of IgG2 antibodies infected bites and parasitaemia, a potential association with
to C231 exceeded those of IgG1 (Table 2). Also, the IgG1/ protection was found (F ratio = 10-95; P = 0-0013). However,
IgG3 ratios of antibodies to crude malaria antigen were high when using a non-linear multivariate model with a Poisson
(range 12-31), and this ratio was lowest in the age group distribution, none of the anti-C231 isotype responses was
10-14 years, but was similarly higher in the other age groups. found associated with protection.
The IgG1/IgG3 ratios antibodies to C231 were low (range The contribution of the isotype responses against crude
0-2-3-5), and in the three lowest age groups the level of IgG3 malaria antigen (F32) in relation to the occurrence of
exceeded that of IgG1. The 1gG2/IgG3 ratios indicated that malaria attacks was tested by multivariate analysis, control-
antibodies to crude malaria antigen show higher IgG3 than ling for age, number of infected bites and parasitaemia. The
IgG2 levels in all age groups (range 0-1-0-5), while the levels anti-F32 IgG3 responses were increased consistently when
of C231-reactive antibodies of these subclasses were similar the occurrence of malaria attacks decreased (F ratio = 29-43;
in all age groups, except in the youngest ones, where 1gG3 P <0-0001). This indication remained valid when using a

dominated (Table 2).

Correlation between C231 and EB200

Correlation between IgG reactivities against C231 4 K ;
and EB200 35| °
In a previous report, the levels of IgG antibodies reactive 30
with the Pf332 fragment EB200 were determined in the same 05 B :
serum samples studied herein [5]. Comparison of the IgG 5 L o0 ® ’ ®
antibody reactivity against C231 and EB200 in the individual S 2f o ) : ()
sera showed that there was a positive correlation (R = 0-560; 2 15 B @ °®
P <0-0001) (Fig. 3). =L ' ® % .0 °
1L ©e o [

- el
Comparison of serological and clinical data 05 @ @ ‘ o P °

" w (]
All the donors were monitored for clinical attacks of malaria 0 : 1 . L

-0-5 0 0-5 1 1.5 2 2:5 3

up to a year after the blood sampling [5]. The number of
OD EB200

individuals experiencing one or more attacks was higher in

children 4-9 years of age (nine of 17) than in the age groups Fig. 3. Correlation of enzyme-linked immunosorbent assay optical

10-14 years (five of 17) and 15-19 years (one of 14). Of the density values assaying immunoglobulin G (IgG) antibodies against
49 individuals older than 20 years of age, three experienced a C231 and EB200 in the Senegalese individuals. There is a positive
malaria attack during the year of follow-up [5]. The mean correlation between C231 and EB200 (R = 0-560; P < 0-0001).
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Table 3. Comparison of the levels of antibodies (geometric means and
95% confidence intervals of enzyme-linked immunosorbent assay
units) between individuals with no clinical attack and individuals with
malaria attacks detected during the year of follow-up. These compara-
tive analyses were carried out on log-transformed data using non-
parametric Mann—Whitney U-tests.

No attack Attacks P-value
Age (years * s.d. values) 282+ 1-8 13-3 = 3-8 0-0006
C231
IgG 428 0-64 0-004
(2:49-7-33) (0-20-2-05)
IgG1 0-701 0-18 0-013
(0-37-0-77) (0-08-0-38)
IgG2 1-09 0-15 0-0002
(0-69-1-72) (0-07-0-32)
1gG3 1-25 0-17 0-0004
(0-79-2-00) (0-06-0-48)
1gG4 0-150 0-05 0-0517
(0-09-0-24) (0-02-0-11)
IgM 16-20 7-87 0-0419
(11-99-21-88) (4-31-14-39)
IgE 0-144 0-04 0-0018
(0-11-0-19) (0-02-0-09)
Crude malaria antigen
IgG 73-45 35-64 0-0009
(62:52-86:10)  (23-99-52-97)
IgG1 131 .52 27-48 0-0023
(89:95-191-87)  (10-12-74-47)
1gG2 1-47 0-40 0-0012
(0-98-2:21) (0-16-0-98)
IgG3 11-64 2-69 0-0001
(9-51-14-26) (1-47-4-91)
1gG4 0-32 0-35 0-631
(0-25-0-42) (0-24-0-52)
IgM 11-07 5-87 0-121
(8:05-15-23) (2:78-12-42)
IgE 0-22 0-13 0-0008
(0-19-0-24) (0-09-0-19)
EB200
IgG 0-373 0-036 0-0001

(0-240-0-579)  (0-011-0-124)

After Bonferroni adjustment for the range of hypotheses performed
simultaneously, a P-value of less than 0-003 for each individual test
ensures that the risk of declaring differences in antibody responses by
chance is reduced (using this procedure, the overall chance of making
such an unjustified claim for the entire family of tests remains at
P=0-05). The values for EB200 (OD values at 1/1000 dilution) were
extracted from Ahlborg etal. [5]. Mean ages are given for each
subgroup. s.d.: Standard deviation.

Poisson regression model to test for the association between
anti-F32 IgG3 antibodies and a reduced occurrence of
attacks. The potential association between 1gG3 responses
and protection was tested by including or excluding this
explanatory variable from the model with a Poisson distri-
bution ()’ = 8:36; P = 0-0038). Of note, the same indications
were found when testing the ratio of cytophilic

© 2008 The Author(s)
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(IgG1 + IgG3) to non-cytophilic (IgG2 + IgG4 + IgM) anti-
F32 antibodies. In a linear multivariate model, including
confounding variables such as age and parasitaemia, the
ratio increased when the number of malaria attacks
decreased (F ratio=6-28; P=0-0139). This association
remained valid when tested in a non-linear model
(x* = 11-47; P = 0-0007).

The potential association between IgE responses and the
occurrence of malaria attacks was also tested, first in a step-
wise regression model, and second in a Poisson regression
model. Whereas in multivariate analysis no consistent asso-
ciation between anti-F32 IgE and protection could be
detected, fewer malaria attacks were found when anti-C231
IgE increased (F ratio: 11-09; P = 0-0013). When this associa-
tion was tested in Poisson regression models including or
excluding the IgE responses, a reduced risk of malaria attack
was associated only with increased anti-C231 IgE (x> = 6:63;
P=0-010).

Discussion

This study confirms and extends previous data, showing
that the P. falciparum asexual blood-stage antigen Pf332 is
recognized readily by antibodies elicited in humans con-
tinuously exposed to malaria [4,5,7,26]. All previous
studies on antibody reactivities with Pf332 were performed
using recombinant EB200 protein, a 157-amino-acid-
fragment of Pf332 [6] or synthetic peptides representing
repeat sequences in EB200 [4,27]. As EB200, like the major
part of the large Pf332 molecule, is constituted of degener-
ate repeat sequences, containing regularly spaced pairs of
Glu [6,10], antigenic cross-reactivity with other Glu-rich
antigens is expected [8,28]. In order to circumvent the
problem with cross-reactions, we performed the analyses in
this study with recombinant C231 protein, which is derived
from the non-repetitive C-terminal region of Pf332, having
a considerably lower content of Glu and therefore expected
to be less cross-reactive (Vasconselos et al. manuscript in
preparation).

While IgG antibodies reactive with crude P. falciparum
antigen were detected in the sera of all Senegalese individu-
als analysed in this study, many of the children displayed
no or low reactivity against the C231 antigen. These anti-
body levels to both crude malaria antigen and C231
increased significantly by age, and most donors above
14 years showed antibodies to C231. The individual pattern
of IgG antibody recognition of C231 correlated well with
that seen previously in the corresponding sera for antibod-
ies to EB200 [5]. While the antibodies to crude malaria
antigen were predominantly of IgGl subclass in all age
groups, the levels of I1gG1, IgG2 and IgG3 subclasses were
more equal regarding antibodies to C231. For the C231-
reactive antibodies the mean levels IgG3 were higher than
those of IgG1 in all age groups, except in the oldest group.
Also, in the two middle age groups, the mean levels of

69

Journal compilation © 2008 British Society for Immunology, Clinical and Experimental Immunology, 152: 6471



E. Israelsson et al.

C231-reactive IgG2 were higher than those of IgGl. Inter-
estingly, a previous study in the same village demonstrated
that a high proportion of seropositive individuals showed
anti-EB200 antibodies of IgG3 and IgG2 subclass and to a
lesser extent IgG1 subclass [7]. The IgG subclass pattern of
antibodies to both EB200 and C231 in this area is compat-
ible with the late appearance of these antibodies after
repeated exposure to P. falciparum [29].

Most malaria antigens tend to induce either predominant
IgG1 or IgG3 antibody responses, the polarization to either
subclass being dependent on the antigen or the age of the
donor [30,31]. However, in some endemic settings high IgG2
antibody levels to certain P. falciparum antigens have been
detected, which correlated with the elevated frequency of the
IgG2 binding allele of FcyRlIla [32] in the study population
[19,20]. Furthermore, immunofluorescence analysis on the
parasite reactivity of sera from malaria endemic areas indi-
cated that IgG2 antibodies bound preferentially to the
surface of schizonts [29], which is also the location of Pf332
[1]. In the present study, even when controlling for various
confounding factors, anti-P. falciparum IgG3 responses were
found to be increased when malaria attacks were reduced.
This result corroborates the initial investigations carried out
in Dielmo village [17]. In addition, it was possible here to
determine the ratio of cytophilic to non-cytophilic anti-
P. falciparum antibodies. In agreement with previous obser-
vations [33], the ratio of cytophilic to non-cytophilic anti-
bodies was found to be predictive of a decreased risk of
malaria attack.

Comparison of serological and clinical data in a previous
study with the same Senegalese donors showed that high
levels of IgG antibodies to crude malaria antigen and to
EB200 were predictive of fewer future clinical attacks of
malaria [5]. Although the anti-C231 responses of all isotypes
tended to be higher in individuals not experiencing any
malaria attack during the follow-up period than those who
experienced at least one attack, this difference did not reach
statistical significance after controlling for age, number of
infected bites and parasitaemia in a multivariate analysis.
Thus, although the IgG responses of antibodies reactive with
EB200 and C231 correlate well in the study population, they
show different power in the association with protection. This
difference may be explained possibly by the higher degree of
cross-reactivity of anti-EB200 antibodies with other Glu-
rich antigens [8,28]. Rabbit antibodies to both C231 and
epitopes within EB200 show a similar capacity to inhibit
parasite growth in P falciparum in vitro cultures
[3,10,34,35], reflecting a potential parasite neutralizing
capacity in vivo of antibodies with these specificities.
However, in general there is a poor association between
antibody-mediated in vitro inhibition and protection in vivo,
due possibly to the presence in naturally primed individuals
of a heterogeneous mixture of inhibitory antibodies, block-
ing antibodies and parasite growth-promoting antibodies
(reviewed in [36]).
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In conclusion, our study shows that the C231 sequence of
P332 harbours epitopes recognized by antibodies elicited by
natural P, falciparum exposure. The C231-reactive antibod-
ies exhibited a marked bias for IgG2 and IgG3 subclasses over
IgG1l, a pattern also indicated previously for antibodies reac-
tive with EB200. Whether this subclass pattern reflects
intrinsic antigenic properties of Pf332, or also occurs for
other malarial antigens, remains to be investigated. Further
studies are also needed for assessing possible associations
between the bias for I1gG2 and expression of the IgG2
binding FcyRIIa allele in the population studied.
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