
 

© 2003 Blackwell Publishing Ltd

 

307

 

Parasite Immunology

 

,

 

 

 

2003, 

 

25

 

, 307–312

 

Blackwell Publishing Ltd.

 

ORIGINAL ARTICLE

 

IgG3 to malaria parasite MSP2 antigen

 

Serum IgG3 to the 

 

Plasmodium falciparum

 

 merozoite surface protein 

2 is strongly associated with a reduced prospective risk of malaria

 

WOLFRAM G. METZGER

 

1

 

*, DANIEL M. N. OKENU

 

1

 

†, DAVID R. CAVANAGH

 

2

 

, JANE V. ROBINSON

 

2

 

, KALIFA A. BOJANG

 

3

 

, 
HELEN A. WEISS

 

1

 

, JANA S. MCBRIDE

 

2

 

, BRIAN M. GREENWOOD

 

1

 

 & DAVID J. CONWAY

 

1

1

 

Department of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London, UK, 

 

2

 

Institute of Cell, Animal 

 

and Population Biology, University of Edinburgh, UK and 

 

3

 

Medical Research Council Laboratories, Fajara, The Gambia 

 

SUMMARY

 

The merozoite surface protein 2 (MSP2) of

 

 Plasmodium
falciparum 

 

is recognized by human antibodies elicited during
natural infections, and may be a target of protective immunity.
In this prospective study, serum IgG antibodies to MSP2
were determined in a cohort of 329 Gambian children immedi-
ately before the annual malaria transmission season, and the
incidence of clinical malaria in the following 5 months was
monitored. Three recombinant MSP2 antigens were used,
representing each of the two major allelic serogroups and a
conserved region. The prevalence of serum IgG to each antigen
correlated positively with age and with the presence of para-
sitaemia at the time of sampling. These antibodies were associ-
ated with a reduced subsequent incidence of clinical malaria
during the follow-up. This trend was seen for both IgG1 and
IgG3, although the statistical significance was greater for
IgG3, the most common subclass against MSP2. After adjust-
ing for potentially confounding effects of age and pre-season
parasitaemia, IgG3 reactivities against each of the major
serogroups of MSP2 remained significantly associated with
a lower prospective risk of  clinical malaria. Individuals
who had IgG3 reactivity to both of the MSP2 serogroup
antigens had an even more significantly reduced risk. Import-
antly, this effect remained significant after adjusting for a
simultaneous strong protective association of antibodies to
another antigen (MSP1 block 2) which itself remained highly
significant.
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INTRODUCTION

 

Plasmodium falciparum

 

 malaria is a major cause of human
morbidity and mortality, and there is a need for an effective
vaccine. Identification of the optimal parasite antigens on which
to base a vaccine is a challenging task, because there are many
antigenic proteins in the parasite, but the role of most of these
in protective immunity is unknown. The merozoite surface
protein 2 (MSP2) is located on the parasite stage that invades
red blood cells (1,2). Monoclonal antibodies to native MSP2
and rabbit antibodies raised against a recombinant MSP2 protein
can inhibit 

 

P. falciparum

 

 merozoite invasion 

 

in vitro

 

 (1), indic-
ating that this antigen could be a potential target of immun-
ity. A recombinant vaccine containing MSP2 sequences has
shown immunogenicity in human volunteers, although the
search for an optimal formulation continues (3,4).

The single 

 

msp2

 

 locus of 

 

P. falciparum

 

 is highly polymorphic
(5–8), and antigenic polymorphism has been documented
in particular regions of the protein (6). However, different

 

msp2

 

 alleles can all be grouped into one or the other of only
two major allelic types encoding antigenically distinct major
forms of MSP2, serogroup A (3D7-like) and serogroup B
(FC27-like), originally defined by monoclonal antibodies
(6) and also recognized by human polyclonal sera (9). Both
of the 

 

msp2

 

 major allelic types are common in most popu-
lations, and their frequencies are unusually even throughout
the world (8,10), compared with alleles of other 

 

P. falciparum

 

loci (11,12). This suggests that the allelic types may be select-
ively maintained within populations, because of acquired
human immunity to serogroup-specific epitopes, as demon-
strated for another 

 

P. falciparum

 

 merozoite antigen (13).
Interestingly, a recent field trial of a vaccine containing an
MSP2 recombinant protein shows an allele-specific effect on
the 

 

P. falciparum

 

 parasites subsequently detected in the
natural infections of vaccinees (4).
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Consistent with this are some characteristics of anti-
MSP2 antibodies produced by people exposed to natural

 

P. falciparum

 

 infections. Human antibodies to MSP2 that
are prevalent in endemic areas recognize predominantly
serogroup-specific epitopes (9,14), and epitopes that are
present on particular variants or subtypes within each sero-
group (15,16). Moreover, there is some evidence of associa-
tion between anti-MSP2 antibodies and protection from
malaria. In Papua New Guinea, a longitudinal cohort study
has shown that antibodies to serogroup A (3D7-like) are
correlated with a reduced prospective risk of clinical malaria
in children, but no correlation was found between antibod-
ies to serogroup B (FC27-like) and protection (17). Most
antibodies to MSP2 are of  the IgG3 subclass (9,18,19),
and to a lesser extent IgG1. A cohort study in The Gambia
indicated that the IgG3 subclass might be a particularly
important component of protective anti-MSP2 antibodies
(19).

The present study involves analysis of another prospective
longitudinal cohort in The Gambia, to address whether
serum IgG reactivity to MSP2 is associated with a reduced
risk of clinical malaria, and whether there is a particularly
effective contribution from the cytophilic subclasses (IgG1
or IgG3) against either of the two MSP2 serogroups. Results
show that serum IgG3 against each of the MSP2 serogroups
is strongly associated with a reduced risk of malaria, even
after adjustment for potentially confounding variables.

 

MATERIALS AND METHODS

 

Study population

 

329 children (aged 3–7 years) living in villages near Basse
(Upper River Division, The Gambia) were included in a
cross-sectional survey at the beginning of the malaria trans-
mission season in June 1996, and then followed up clinically
and parasitologically for a period of  5 months (July to
November). At the cross-sectional survey, slides were pre-
pared for determination of malaria parasitaemia and serum
samples were collected for measurement of specific antibod-
ies against MSP2. During the 5 months follow-up, blood
slides were prepared from children with suspected malaria
during passive and active surveillance, and confirmed clin-
ical cases of malaria were treated and documented. The out-
come variable of clinical malaria is defined as a fever
(> 37·5

 

°

 

C) plus coincident parasitaemia of > 5000 per micro-
litre at any point during the follow-up, either by passive or
active case detection. This cohort was studied previously for
antibodies to MSP1 (a previous cohort size of 337 included
eight individuals from whom sera were no longer available
for the present study) (13). The study was approved by the
Medical Research Council/Gambia Government Joint Ethical

Committee, and informed consent was obtained from all
study participants or their guardians.

 

MSP2 antigens and antibody assays

 

Three recombinant MSP2 antigens were produced in 

 

E. coli

 

as fusion proteins, with MSP2 sequences at the C-terminus
of glutathione S-transferase (GST) (9). One of the proteins
contains a highly conserved sequence of 57 amino acids
from the C-terminal region of MSP2 (protein K1 17/14, aa
207–263 as encoded by the K1 allele) (2). The same con-
served sequence is also included in the two larger antigens
that represent mature near full-length serogroup A and sero-
group B MSP2 proteins, respectively. The serogroup A prod-
uct is based on the MSP2 allele from the 

 

P. falciparum

 

 clone
T9/96 (protein T9/96 13/14, aa 22–286 of T9/96) (6), which
is of the 3D7-like type. The serogroup B product is based on
the Dd2 allele (protein Dd2 13/14, aa 22–247 of Dd2) which
is of the FC27-like type.

ELISA assays to measure MSP2 specific IgG and IgG
subclasses were carried out as previously described (9,20).
Briefly, wells of microtitre plates (Immulon-4; Dynatech,
Billingshurst, UK) were coated overnight with 100 

 

µ

 

L of
antigen at 0·5 

 

µ

 

g/mL in 0·1 

 



 

 carbonate buffer (Na

 

2

 

CO

 

3

 

/
NaHCO

 

3

 

) and blocked for 5 h at room temperature with
200 

 

µ

 

L of blocking buffer (1% milk powder in PBS, 0·05%
Tween 20). Plates were washed three times and 100 

 

µ

 

L of
serum (diluted 1/1000) was added to each of duplicate wells
and incubated overnight at 4

 

°

 

C. Plates were washed and
incubated with a 1/6000 dilution of horseradish peroxidase
conjugated rabbit anti-human IgG antibody (Dako Ltd) for
3 h at room temperature. All plates were developed with
H

 

2

 

O

 

2

 

 and o-phenylenediamine at 4

 

°

 

C for 10 min, the reac-
tion was stopped with 20 

 

µ

 

L of 2 

 



 

 H

 

2

 

SO

 

4

 

 per well, and the
optical density (OD) was measured at 492 nm. For each
tested serum, the OD value against GST alone was sub-
tracted from the value obtained for each MSP2 fusion pro-
tein in order to obtain specific OD values for each antigen.
Tested sera were defined as positive if  they gave a specific
OD above the normal cut-off  (mean + 2 SD of 15 negative
control sera from individuals living in the United Kingdom
who had not been exposed to malaria).

Human IgG1 and IgG3 subclass reactivity to the anti-
gens was tested on sera that were positive for total IgG.
Previous studies have shown that individuals who are ELISA-
negative for total IgG to these MSP2 proteins are invariably
negative for IgG1 or IgG3 tested separately (9,19). Sera
were tested at 1/1000 dilution, and HRP-conjugated affinity-
purified anti-IgG1 and IgG3 second antibodies (AP006 and
AP008, Binding Site, UK) were used at 1/1000 dilution.
ELISA was performed as for the total IgG assay, and cut-
off  OD values were determined for each antigen as the mean
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+ 2 SD of 20 control sera from adults living in the United
Kingdom.

 

Statistical methods

 

Correlations between values of continuous variables (such
as ELISA absorbance (OD) levels to different antigens)
were calculated using the Spearman rank correlation coef-
ficient. Associations between continuous variables (such as
OD levels in a particular ELISA assay) and binary categor-
ical variables (such as the occurrence or non-occurrence of
clinical malaria) were studied using the Mann–Whitney non-
parametric 

 

U

 

-test, or by multiple logistic regression analysis.
Associations between categorical variables were tested by
chi-squared and multiple logistic regression analyses, and
relative risks (RR) with 95% confidence intervals (CI) were
calculated where appropriate. To adjust for confounding
variables (such as age) in the examination of associations
between the presence of antibodies in June and subsequent
clinical malaria, binomial regression with a log-link was
used to estimate crude and adjusted relative risks, with 95%
confidence intervals (CI).

 

RESULTS

 

Anti-MSP2 antibodies before the malaria transmission 
season

 

At the time of serum sampling in June 1996, prior to the
transmission season, 132 (40%) of the 329 children were
parasitaemic (geometric mean parasitaemia of 69 parasites
per microlitre; range 5–7500). These infections were asymp-
tomatic and are presumed to be retained from the previous
transmission season (> 6 months before). Table 1 shows the
prevalence of anti-MSP2 antibodies, and its relationship
with age and parasitaemia at the time of sampling. Older
children were significantly more likely than younger children
to have antibodies to either of the major MSP2 serogroups
A or B (

 

P <

 

 0·001). There was also a significant positive asso-
ciation between parasitaemia and the presence of antibodies
to either MSP2 serogroup (almost all individuals with > 500
parasites per microlitre had antibodies to one or both of
these antigens) (

 

P <

 

 0·001).
Only 17 (5%) of 329 individuals had detectable antibodies

to the conserved C-terminal region of MSP2. As expected,
all these individuals had antibodies reactive with the full-
length serogroup A and B proteins in which this conserved
sequence is included. Apart from the C-terminal sequence,
and a short conserved sequence at the N-terminus, the sero-
group A and B proteins are very distinct structurally. Over
all individuals, antibody levels (OD values) against the
serogroup A and serogroup B proteins were significantly

correlated with each other (Spearman’s 

 

r

 

 = 0·59, 

 

P

 

 < 0·001),
consistent with the usual inter-individual variation in levels
of antibodies to malaria antigens generally. One hundred
and forty (42·6%) individuals had positive OD values (above
the cut-off) to both serogroups A and B, 42 (12·8%) to sero-
group A only, and 31 (9·4%) to serogroup B only.

 

Anti-MSP2 antibodies and their relationship to the 
subsequent incidence of malaria

 

Clinical malaria was detected in 179/329 (54%) of children
during follow-up (geometric mean parasitaemia 43 833 para-
sites per microlitre; range 5000–400 000). Risk of clinical
malaria was inversely associated with age, with incidence
ranging from 65% of  children aged 3–4 years to 40% of
children aged 7 years (

 

P

 

 for trend < 0·001). The presence of
parasitaemia in June (prior to the transmission season) was
not significantly associated with the risk of clinical malaria
during follow-up (

 

P =

 

 0·30). It was considered that age and
parasitaemia could both be potential confounders in an
analysis of the relationship between antibodies and clinical
malaria, and thus it was decided to incorporate these into
multivariate analyses.

In a univariate analysis, the presence of IgG in June
against each of the MSP2 serogroup A and B antigens was
associated with a significantly reduced risk (where relative
risk, RR < 1·0) of clinical malaria during follow-up (sero-
group A, RR = 0·80, 95% CI = 0·66–0·97; serogroup B,
RR = 0·80, 95% CI = 0·65–0·97), but the association did not
persist after adjustment for age and parasitaemia in June
(Table 2). The presence of antibodies to the C-terminal con-
served region, though uncommon, was associated with a

Table 1 Antibodies to MSP2 prior to the malaria transmission 
season and their relationship with P. falciparum parasitaemia and 
age of individuals at time of sampling
 

 

Number of 
individuals (n)

Proportion (% of individuals) 
with IgG to MSP2 antigens 

Serogroup A 
(3D7-like)

Serogroup B 
(FC27-like)

Conserved 
C-terminal

Total (n = 329) 55·3 52·0 5·2
By age

3 year (n = 129) 38·8 29·5 5·4
4 year (n = 64) 54·7 54·7 4·7
5 year (n = 49) 65·3 67·3 2·0
6 year (n = 45) 75·6 75·6 6·7
7 year (n = 42) 73·8 73·8 7·1

By parasitaemia
Negative (n = 197) 47·2 41·1 3·0
1–499 µL−1 (n = 87) 52·9 52·9 5·7
≥ 500 µL−1 (n = 45) 95·6 97·8 13·3
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lower risk of clinical malaria (adjusted RR = 0·55, 95% CI
0·27–1·14). Examination of ELISA OD values as a crude
measure of antibody levels (rather than simple positivity)
showed that children who did not get malaria had higher
levels to the serogroup A and B antigens than those who did
get malaria (Mann–Whitney 

 

U

 

-test: serogroup A, 

 

P

 

 = 0·005;
serogroup B, 

 

P

 

 = 0·002), but there was no difference in the
levels to the conserved C-terminal region (

 

P =

 

 0·71).
To test whether protective associations may be particu-

larly attributable to IgG1 or IgG3, the reactivities of these
subclasses were assayed against both the full-length sero-
group A and B antigens. The proportion of individuals with
detectable IgG3 to these antigens was much higher than the
proportion with detectable IgG1. Moreover, the presence of
detectable IgG3 to either serogroup was very strongly asso-
ciated with a reduced risk of clinical malaria in univariate
analyses (serogroup A, RR = 0·62, 95% CI = 0·47–0·84;
serogroup B, RR = 0·62, 95% CI = 0·46–0·83; 

 

P

 

 < 0·01 for
each, Table 2), and this remained significant after adjust-
ment for age and parasitaemia at the time of serum collec-
tion in June (serogroup A, RR = 0·70, 95% CI = 0·52–0·96;
serogroup B, RR = 0·68, 95% CI = 0·49–0·94; 

 

P

 

 < 0·05 for
each, Table 2). The presence of IgG1 to serogroup B was
also associated with a reduced risk of clinical malaria, but
less significantly (Table 2); only three individuals had detect-
able IgG1 to the serogroup A antigen.

 

Combinations of different antibody reactivities

 

As shown in Table 2, the children who had detectable serum
IgG3 in June against both the MSP2 serogroup A and sero-
group B antigens had a very significantly reduced risk of

acquiring clinical malaria during the follow-up, compared
to those without IgG3 to either, even after adjustment
for age and parasitaemia in June (adjusted RR = 0·54,
95% CI = 0·34–0·84, 

 

P

 

 < 0·01). This stronger association
suggests an additive protective effect of antibodies to each
serogroup, consistent with a mechanism of serogroup-specific
immunity.

A previous study has shown that serum IgG to recom-
binant antigens representing the block 2 region of MSP1
(the major merozoite surface protein) were also strongly
associated with protection from clinical malaria in this
cohort of children (13). In particular, children with antibod-
ies to both the K1-like type and the MAD20-like type of
MSP1 block 2 (represented by the 3D7 and Wellcome
sequence recombinant antigens, respectively) had a very sig-
nificantly reduced risk of clinical malaria (

 

P <

 

 0·001), even
after adjustment for age and presence of parasitaemia at the
time of serum collection in June. An important critical ques-
tion is whether the antibody specificities measured are caus-
ally important, or whether they are merely markers that
correlate with other protective responses. To address this, a
multiple logistic regression analysis was performed incorpo-
rating together the antibody reactivities to MSP2 measured
here, and MSP1 block 2 measured previously. Remarkably,
this highly stringent combined analysis (which also adjusted
for age and presence of parasitaemia at the time of serum
collection) showed that the protective associations were inde-
pendently statistically significant for antibodies to MSP2 (

 

P
=

 

 0·037 for the presence of IgG3 to both MSP2 serogroups
A and B) and MSP1 block 2 (

 

P =

 

 0·005 for the presence of
IgG to both the K1-like and MAD20-like types represented
by the 3D7 and Wellcome recombinant antigens).

Table 2 Proportions of children acquiring clinical malaria (July to November) according the presence of serum antibodies to MSP2 in June
 

 

Recombinant 
MSP2 antigen

Proportions acquiring clinical malaria according to antibody (Ab) reactivities 

Ab positives Ab negatives
Crude RRa 
(95% CI)

Adjusted RRb 
(95% CI)

Total IgG
Serogroup A 48·9% (89/182) 61·2% (90/147) 0·80 (0·66–0·97)* 0·94 (0·77–1·16)
Serogroup B 48·5% (83/171) 60·8% (96/158) 0·80 (0·65–0·97)* 0·95 (0·77–1·17)
Serogroups A and B 44·3% (62/140) 59·5% (69/116) 0·54 (0·33–0·89)* 0·81 (0·50–1·33)

IgG1
Serogroup A 0% (0/3) 54·9% (179/326) – –
Serogroup B 35·3% (12/34) 56·6% (167/295) 0·62 (0·39–0·99)* 0·68 (0·43–1·08)
Serogroups A and B 0% (0/2) 56·8% (167/294) – –

IgG3
Serogroup A 37·6% (32/85) 60·2% (147/244) 0·62 (0·47–0·84)** 0·70 (0·52–0·96)*
Serogroup B 37·0% (30/81) 60·1% (149/248) 0·62 (0·46–0·83)** 0·68 (0·49–0·94)*
Serogroups A and B 30% (15/50) 62·0% (132/213) 0·48 (0·31–0·75)** 0·54 (0·34–0·84)**

aRelative risks by univariate analysis; bRelative risks after adjustment for age and pre-season parasitaemia by multivariate analysis; *P < 0·05, 
**P < 0·01.
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DISCUSSION

 

The finding that naturally acquired serum IgG3 antibodies
to both of the serogroups of 

 

P. falciparum

 

 MSP2 are associ-
ated with a significantly reduced risk of  clinical malaria
supports the vaccine candidacy of this antigen. The results
confirm and extend the evidence from previous studies which
indicated that this antigen may be an important target of
immunity. It had been predicted that IgG3 antibodies to
MSP2 may give stronger protection than IgG1 (19). Here,
serum IgG1 against MSP2 was much less commonly detected
than IgG3, as in other studies (9,18,19). Protective associa-
tions are seen here for IgG3 antibodies against each of the
major allelic serogroups A and B, and are shown to be signi-
ficant even after accounting for the potential confounding
variables of age (an important confounding variable here) and
the presence of  pre-transmission season parasitaemia (a
variable that had virtually no confounding effect here).

Moreover, the significant protective association of IgG3
reactivity to both MSP2 serogroups is independent of the pro-
tective association seen with antibodies to MSP1 block 2 in
the same cohort of children (13). The significant protective
associations of antibodies to these two different 

 

P. falciparum

 

antigens, MSP2 and MSP1 block 2, after adjustment for
confounding variables within the same multivariate analysis,
is an exceptional finding that strongly implicates both antigens
as independent targets of protective immune responses. Such
combined analyses of antibodies to different 

 

P. falciparum

 

antigens have been rarely performed, although it has been
shown that inclusion of  different antibody reactivities in
the same analysis can alter protective associations markedly
(21,22). It is therefore worthwhile to study antibodies to other

 

P. falciparum

 

 antigens, and to analyse these together in studies
of cohorts such as this.

Both IgG1 and IgG3 are cytophilic and may be effective in
antibody-dependent cellular mechanisms against 

 

P. falciparum

 

(23). However, recent evidence indicates that IgG3 plays the
major role in parasite inhibition by monocytes 

 

in vitro

 

 (24).
It is usually expected that after several exposures to a protein
antigen, IgG1 will become the major subclass with IgG2, IgG3
and IgG4 present in only small amounts. The abundance of
IgG3 is unusual, and it is notable that IgG3 dominates not
only the response to MSP2 but also responses to some
parts of other 

 

P. falciparum

 

 merozoite proteins (20,25,26).
Interestingly, IgG against the block 2 region of the MSP1
antigen is strongly associated with protection (13), and is
predominantly of the IgG3 subclass in surveys of separate
populations (20). The mechanisms of induction of human
IgG3 responses to merozoite proteins, and the means by which
this subclass may influence the protective efficacy of the res-
ponse (positively or negatively) in each case, are important
matters for investigation.

Human IgG3 has a short half-life, and thus continuous
production is required to sustain its levels. This production
could be stimulated either by persistent infection or by new
infections. The fact that 40% of children in this study were
harbouring 

 

P. falciparum

 

 before the annual rains (which
mark the beginning of the transmission season) indicates
that parasites survived throughout the dry season in these
individuals. There was an association between parasitaemia
and the presence of anti-MSP2 antibodies in the individuals
prior to the transmission season, but the association of
IgG3 antibodies with a lower subsequent risk of malaria
remained statistically significant after adjusting for the pres-
ence of parasitaemia prior to the transmission season (as
well as adjustment for the age of each child). It will be relev-
ant to investigate the factors that determine the persistence
of detectable antibody responses to MSP2 as well as to
other malaria antigens. However, detectable antibodies at
the beginning of the malaria transmission season may not
be the protective parameters 

 

per se

 

, but they may rather be
correlated with the presence of memory B cells of the cor-
responding specificities. It is difficult to study memory B
cells directly, due to the low frequency of cells of any given
specificity, but studies of antibody production by cultured

 

ex vivo

 

 B cell populations may be useful in characterizing
natural IgG subclass responses further (27,28).

MSP2 is being evaluated as a promising candidate for
a malaria vaccine (3,4). The present and previous studies
provide strong evidence that naturally acquired antibodies
to both serogroups of MSP2 are associated with a lower risk
of malaria, and that these antibodies are predominantly of
the IgG3 subclass. It will be important to determine whe-
ther protective antibodies are broadly specific (either to sero-
group A or to serogroup B) or whether they are narrowly
subtype-specific (against epitopes which differ among
allelic forms within each serogroup). A recent study has
shown extensive antibody cross-reactivity among different
sequence variants within the MSP2 serogroups (14), encour-
aging the idea that a vaccine based on MSP2 may only need
to include a small repertoire of allelic sequences, and that a
minimal set of such sequences may be definable. It would be
desirable to know whether particular IgG subclasses of anti-
bodies induced by a vaccine can determine its efficacy, and
also to know how the precise antigenic components of a
vaccine could influence this.

 

ACKNOWLEDGEMENTS

 

We are grateful to the study subjects for participation, and
to colleagues at the Medical Research Council Laboratories
in The Gambia for facilitation and support. The study was
funded by The Wellcome Trust (Grant Refs 050352/Z/97/Z
and 057270/Z/99/Z).



 

312

 

© 2003 Blackwell Publishing Ltd, 

 

Parasite Immunology

 

, 

 

25

 

, 307–312

W. G. Metzger et al. Parasite Immunology

REFERENCES

1 Clark JT, Donachie S, Anand R, Wilson CF, Heidrich HG &
McBride JS. 46–53 kilodalton glycoprotein from the surface of
Plasmodium falciparum merozoites. Mol Biochem Parasitol,
1989; 32: 15–24.

2 Smythe JA, Coppel RL, Day KP et al. Structural diversity in the
Plasmodium falciparum merozoite surface antigen 2. Proc Natl
Acad Sci, USA, 1991; 88: 1751–1755.

3 Lawrence G, Cheng Q, Reed C et al. Effect of vaccination with
3 recombinant asexual-stage malaria antigens on initial growth
rates of  Plasmodium falciparum in non-immune volunteers.
Vaccine, 2000; 18: 1925–1931.

4 Genton B, Betuela I, Felger I et al. A recombinant blood-stage
malaria vaccine reduces Plasmodium falciparum density and
exerts selective pressure on parasite populations in a Phase 1–2b
trial in Papua New Guinea. J Infectious Dis, 2002; 185: 820–
827.

5 Thomas AW, Carr DA, Carter JW & Lyon JA. Sequence com-
parison of allelic forms of the Plasmodium falciparum merozoite
surface antigen MSA2. Mol Biochem Parasitol, 1990; 43: 211–
220.

6 Fenton B, Clark JT, Khan CMA et al. Structural and antigenic
polymorphism of the 38- to 45-kilodalton merozoite surface
antigen (MSA-2) of the malaria parasite Plasmodium falci-
parum. Mol Cellular Biol, 1991; 11: 963–971.

7 Felger I, Marshall VM, Reeder JC, Hunt JA, Mgone CS &
Beck H-P. Sequence diversity and molecular evolution of the
merozoite surface antigen 2 of Plasmodium falciparum. J Mol
Evol, 1997; 45: 154–160.

8 Hoffmann EHH, da Silveira LA, Tonhosolo R et al. Geograph-
ical patterns of allelic diversity in the Plasmodium falciparum
malaria vaccine candidate, merozoite surface protein-2. Ann
Trop Med Parasitol, 2001; 95: 117–132.

9 Taylor RR, Smith DB, Robinson VJ, McBride JS & Riley EM.
Human antibody response to Plasmodium falciparum merozoite
surface protein 2 is serogroup specific and predominantly of the
immunoglobulin G3 subclass. Infection Immunity, 1995; 63:
4382–4388.

10 Conway DJ. Natural selection on polymorphic malaria antigens
and the search for a vaccine. Parasitol Today, 1997; 13: 26–29.

11 Anderson TJC, Haubold B, Williams JT et al. Microsatellite
markers reveal a spectrum of population structures in the
malaria parasite Plasmodium falciparum. Mol Biol Evol, 2000;
17: 1467–1482.

12 Conway DJ, Machado. RLD, Singh B et al. Extreme geograph-
ical fixation of variation in the Plasmodium falciparum gamete
surface protein gene Pfs48/45 compared with microsatellite loci.
Mol Biochem Parasitol, 2001; 115: 145–156.

13 Conway DJ, Cavanagh DR, Tanabe K et al. A principal target
of human immunity to malaria identified by molecular popula-
tion genetic and immunological analyses. Nature Med, 2000; 6:
689–692.

14 Franks S, Baton L, Tetteh K et al. Genetic diversity and anti-
genic polymorphism in Plasmodium falciparum: extensive sero-
logical cross-reactivity between allelic variants of merozoite
surface protein 2. Infection Immunity, 2003; 71: 3485–3495.

15 Tonhosolo R, Wunderlich G & Ferreira MU. Differential
antibody recognition of four allelic variants of the merozoite
surface protein-2 (MSP-2) of Plasmodium falciparum. J Eukaryotic
Microbiol, 2001; 48: 556–564.

16 Weisman S, Wang L, Billman-Jacobe H et al. Antibody
responses to infections with strains of Plasmodium falciparum
expressing diverse forms of merozoite surface protein 2. Infec-
tion Immunity, 2001; 69: 959–967.

17 Al-Yaman F, Genton B, Anders RF. et al. Assessment of the role
of the humoral response to Plasmodium falciparum MSP2 com-
pared to RESA and SPf66 in protecting Papua New Guinean
children from clinical malaria. Parasite Immunol, 1995; 17: 493–
501.

18 Rzepczyk CM, Hale K, Woodroffe N et al. Humoral immune
responses of Solomon Islanders to the merozoite surface anti-
gen 2 of Plasmodium falciparum show pronounced skewing
towards antibodies of the immunoglobulin G3 subclass. Infec-
tion Immunity, 1997; 65: 1098–1100.

19 Taylor RR, Allen SJ, Greenwood BM & Riley EM. IgG3 anti-
bodies to Plasmodium falciparum merozoite surface protein 2
(MSP2): increasing prevalence with age and association with
clinical immunity to malaria. Am J Trop Med Hygiene, 1998; 58:
406–413.

20 Cavanagh DR, Dobano C, Elhassan IM et al. Differential patterns
of human immunoglobulin G subclass responses to distinct regions
of a single protein, the merozoite surface protein 1 of Plasmodium
falciparum. Infection Immunity, 2001; 69: 1207–1211.

21 Tolle R, Fruh K, Doumbo O et al. A prospective study of the
association between the human humoral immune response to
Plasmodium falciparum blood stage antigen gp190 and control
of malarial infections. Infection Immunity, 1993; 61: 40–47.

22 Scarselli E, Tolle R, Koita O et al. Analysis of the human anti-
body response to thrombospondin related anonymous protein
of Plasmodium falciparum. Infection Immunity, 1993; 61: 3490–
3495.

23 Bouharoun-Tayoun H & Druilhe P. Plasmodium falciparum
malaria. Evidence for an isotype imbalance which may be
responsible for the delayed acquisition of protective immunity.
Infection Immunity, 1992; 66: 1473–1481.

24 Tebo AE, Kremsner PG & Luty AJF. Plasmodium falciparum:
a major role for IgG3 in antibody-dependent monocyte-mediated
cellular inhibition of parasite growth in vitro. Exp Parasitol,
2001; 98: 20–28.

25 Okenu DMN, Riley EM, Bickle QD et al. Analysis of human
antibodies to erythrocyte binding antigen 175 of Plasmodium
falciparum. Infection Immunity, 2000; 68: 5559–5566.

26 Theisen M, Dodoo D, Toure-Balde A et al. Selection of
glutamate-rich protein long synthetic peptides for vaccine devel-
opment: antigenicity and relationship with clinical protection
and immunogenicity. Infection Immunity, 2001; 69: 5223–5229.

27 Garraud O, Perraut R, Diouf A et al. Regulation of antigen-
specific Immunoglobulin G subclasses in response to conserved
and polymorphic Plasmodium falciparum antigens in an in vitro
model. Infection Immunity, 2002; 70: 2820–2827.

28 Garraud O, Mahanty S & Perraut R. Malaria-specific antibody
subclasses in immune individuals: a key source of information
for vaccine design. Trends Immunol, 2003; 24: 30–35.


