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Abstract 

We have expressed seven recombinant antigens representing two N-terminal regions of the polymorphic merozoite 
surface protein 1 (MSP-1) of Plasmodium j~tlciparum. The antigens include the MAD20 and Palo Alto forms of the 
relatively conserved Block 1 region, and variants of the Block 2 region from isolates 3D7, Palo Alto FUP, MAD20, 
Wellcome and RO33, that are representative of a range of amino acid sequence diversity in this most polymorphic 
section of MSP-1. All recombinant antigens have been able to immunise mice to produce polyclonal antibodies which 
specifically recognise parasite MSP-1 in indirect immunofluorescence assays and in Western blots. The recombinant 
antigens also react appropriately in ELISA with murine monoclonal antibodies specific for variant epitopes in Block 
2 of MSP-1. These results show that the antigenic structure of the recombinant proteins is similar to that of the native 
MSP-1 product from parasites. Importantly, human sera from malaria-exposed individuals contain IgG antibodies 
that recognise very specifically one or another of the Block 2 types, showing that different Block 2 types are 
immunogenic, antigenically distinct and distinguishable when presented during natural infections. In contrast, the 
conserved Block 1 is rarely recognised by human antibodies. © 1997 Elsevier Science B.V. 

K<vwords: Malaria; Plasmodium falciparum; Antibody; Recombinant antigens 

I.  Introduction 

,4bbreviations: GST, gluthathione-S-transferase; IFA, im- 
munofluorescence assay; MSP-I, merozoite surface protein 1; 
PCR, polymerase chain reaction. 

* Corresponding author. Tel.: +44 131 6505459; fax: +44 
131 6673210; e-mail: david.cavanagh@ed.ac.uk 

Plasmodium falciparum is the m a j o r  causat ive  
agent  o f  h u m a n  mala r ia ,  responsible  for  several 
hund re d  mil l ion clinical  cases and I - 2  mi l l ion 
dea ths  per  year.  Ant igens  o f  the invasive b lood  
stage o f  the paras i te ,  the merozoi te ,  have been 
p r o p o s e d  as vaccine targets  [1]. The  m a j o r  con-  
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Fig. 1. Schematic representation of MSP-I of  P. Jalciparum and of recombinant MSP-I antigens. The division into 17 blocks is as 
outlined by Tanabe et al. [9]; blocks of conserved sequences are denoted by open boxes; regions of dimorphic or semi-conserved 
sequences are denoted by full or hatched boxes respectively, and the polymorphic Block 2 region is shown as a speckled box. The 
scheme of  natural processing of MSP-I,  shown below the full length protein, is after Holder et al. [47]. Recombinant  forms of Block 
1 and Block 17 (on scale) and of Block 2 variants (enlarged) derived from MSP-1 alleles of  the indicated P. Jalciparum isolates are 

shown below the main diagram. 

stituents of the merozoite surface are polypeptides 
derived from a high molecular mass precursor 
protein, merozoite surface protein 1 (MSP-1, also 
known as p190, gp195, PMMSA and MSA1). 
This protein is synthesised during schizogony and 
its products are localised on the surface of extra- 
cellular merozoites [2,3]. Post-translational prote- 
olytic processing of the precursor molecule 
generates fragments of 83, 42, 38, and 28 30 kDa 
which persist as a non-covalently linked complex 
on the surface of mature extracellular merozoites 
[3 5]. Subsequent processing of the 42 kDa frag- 
ment to produce the 19 kDa C-terminal fragment 
occurs at the time of red cell invasion [6]. Only the 
19 kDa fragment is retained on the surface of 
merozoites throughout invasion of erythrocytes, 
all other fragments being shed before or at this 
event [6 8]. 

Comparison of nucleotide sequences of MSP-1 
genes from different field and laboratory isolates 
of P. falciparum has shown that the amino acid 
sequence of  the protein is variable and can be 

divided into 17 distinct blocks defined by their 
content of conserved, semi-conserved or variable 
sequences [9, reviewed in 10, Fig. 1]. Variants of 
P. falciparum MSP-1 can be grouped by amino 
acid sequence homologies into two distinct 
serogroups [11,12] corresponding to two major 
allelic families represented by variants of the 
MAD20 and Wellcome isolates [9,10]. Although 
this sequence dimorphism is true of the molecule 
as a whole, one exception is a polymorphic re- 
gion, Block 2, where extensive sequence diversity 
exists. Over 50 different sequences have been iden- 
tified in Block 2, which fall into three main types 
represented by variants of the K1, MAD20 and 
RO33 isolates. Block 2 sequences of the K l-like 
and MAD20-1ike types contain variable tri- or 
hexa- peptide repeats, whereas Block 2 of the 
RO33 type contains a non-repetitive sequence 
which varies only little. 

Several studies have shown that immunisation 
with MSP-1 derived from P. falciparum can be 
used to protect monkeys from experimental infec- 
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tion [13-19]. Aotus monkeys immunised with par- 
asite-derived Palo Alto variant of MSP-1 were 
completely protected from the lethal effects of 
challenge with the same parasite [13], whereas 
only partial protection from lethal infection was 
achieved after immunisation with purified K1 par- 
asite MSP-1, when challenged with non-ho- 
mologous parasites [14]. Other studies showed 
that immunisation with parasite-derived MSP-1 of 
the K1 variant could protect Saimiri monkeys 
from lethal challenge with the non-homologous 
Palo Alto variant of the parasite [15]. The reasons 
for the difference in efficacy of heterologous im- 
munogens in the two studies were not clear, but 
were attributed partly to the high degree of ho- 
mology between the N-terminal regions of the two 
MSP-1 variants used in the latter study [15]. Sim- 
ilarly, Aotus and Saimiri monkeys immunised 
with recombinant MSP-1 fragments were shown 
to be partially protected from experimental chal- 
lenge [15-19]. Thus, immunisation with proteins 
derived from MSP-1 has been shown to protect 
animals from experimental infection, indicating its 
usefulness as a potential vaccine target. 

It is not known which part(s) of the protein 
contain epitopes important in protective immu- 
nity induced by the whole native protein. Much 
interest has focused on one conserved region, 
MSP-119 [reviewed in [20]], while other regions 
have remained relatively neglected. Two regions 
t¥om the N-terminal end of  MSP-1, the semi-con- 
served Block 1 and the highly polymorphic Block 
2, deserve attention. Block 1 contains the semi- 
conserved amino acid sequence (YSLFQKEK- 
MVL) that was included in the Spf66 vaccine 
tested in clinical and field trials [21-23]. Recently, 
a monoclonal antibody, specific for a variant epi- 
tope in the Block 2 region, has been shown to 
inhibit parasite growth in vitro [24]. Field seroepi- 
demiology studies on human antibody responses 
to MSP-1 delivered by natural infections in 
Africa, have suggested that polymorphic and di- 
morphic sequences in the molecule may play a 
major role in inducing protective immunity 
[25,26]. Increased levels of IgG against an N-ter- 
minal fragment of  MSP-1 were found in subjects 
from a mesoendemic area in Gabon who had 
cleared infections compared with those who had 

persistent infection [27]. Other studies suggested 
that the lower the level and the shorter-lived the 
humoral response to N-terminal regions of MSP- 
1, the higher the risk of subsequent reinfection 
[26]. In contrast, one study indicated that anti- 
bodies to several regions of the MSP-1 molecule, 
including the polymorphic Block 2 region, are 
correlated with increased risk of reinfection and/ 
or decreased ability to control parasitaemia, but it 
was suggested that this might reflect a history of 
numerous infections and therefore reveal individ- 
uals who were more susceptible to infection [28]. 

To elucidate the effect of allelic variation on 
antigenic polymorphism and on the specificity of 
immune responses to two N-terminal regions of 
MSP-1, here we evaluate the antigenicity of new 
recombinant proteins representing the extreme N- 
terminal Block 1 which is relatively conserved and 
all three main types of the polymorphic Block 2 
region. Mouse antisera raised against the recom- 
binant antigens and monoclonal antibodies to 
various regions of MSP-1, were used to show that 
the Block 1 and Block 2 antigens possess con- 
served and type-specific epitopes respectively, of 
the native protein. Importantly, serum Abs from 
malaria exposed individuals recognised and distin- 
guished these type-specific epitopes, showing that 
the polymorphic Block 2 region is immunogenic 
when delivered to the human immune system 
during natural P. falciparum infections. 

2. Materials and methods 

2.1. PCR amplification of MSP- 1 gene fragments 

DNA was obtained from the P. falciparum 
clone 3D7 [29] and isolates Palo Alto FUP [30], 
MAD20 [9] Wellcome [7] and RO33 [31], main- 
tained by the WHO Registry of Standard Strains 
of Malaria Parasites at the University of Edin- 
burgh. Parasites were grown in vitro by previously 
described methods [32,33]. Parasite DNA was 
purified using the method of Fenton et al. [34] 
and used as a template for fragment-specific poly- 
merase chain reactions (PCR). Each reaction con- 
tained 10 mM Tris HC1 (pH 8.3), 50 mM KC1, 
1.5 mM MgC12, 0.001% (w/v) gelatin, 2 mM each 
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21 53 

GST linker peptide [ Block I ] 
MAD20 PKSDLVPRGS THESYQELVKKLEALEDAVLTGYSLFQKEK~__L * 

Palo Alto PKSDLVPRGS T H E S YQ E LVKKL EAL E DAVLT GY_GL FIi KE KH__X m * 

RO33 

54 144 
GST lurer pe~ide [ 

PKSDLVPRGS 

Block 2 

KDGANTQWAKPADAVSTQSAKNPPGATVPSGTASTKGAIRSPGAA 

MAD20 PK~DrVPRGS 
Wellcome PKSDLVPR~S 

3 D7 P}<SDL VPR~S 
Palo Alto PKSDLVPRGS 

[ Flankin~ Reuion ] [ Polvmomhic Reoeat Reuion ] ~ -F]ankine Reuion ] 

NEGTSGTAVTTSTPGSSG SVTSGGSVASVASVASGGSGGSVASGG SGNSRRTNPSDNSS* 

NEGTSGTAVTTSTPGSKG SVASGGSGGSVASGGSVASGGSVASGGSVASGG SGNSRRTNPSENS~; ~ 

NEEEITTKGA SAQSGASAQSGASAQSGASAQSGASAQSGASAQSGTSGPSGPSGT SPSSRSNTLPRSNTSSGASPPADAS* 

NEEEITTKGA SAQSGTSGTSGTSGTSGTSGTSGTSAQSGTSGTSAQSGTSGTSAQSGTSGTSGTSGT SPSSRSNTLPRSNTSSSASPPADAS ' 

Fig. 2. Sequences of the recombinant MSP-I Block 1 and Block 2 fusion proteins developed in this study. Each sequence is shown 
in the one letter amino acid format. Numbering of MSP-1 sequence as in Miller et al. [10]. Block 1 includes residues 21 53; Block 
2 variants include residues 54-144. 

dNTP, 2.5 units Taq D N A  polymerase 
(Boehringer-Mannheim) and 1 mM each of  the 
following pairs of  primers: forward primer (5' 
C T G G A T C C A A T G A A G A A  G A A A T T A C T  3') 
and reverse primer (5' G G G A A T T C T T A G C T T -  
G C A T C A G C T G G A G G  3') were used to amp- 
lify 3D7 and Palo Alto Block 2 regions; for- 
ward primer (5' C T G G A T C C A A T G A A G G A A -  
C A A G T G G A  3') and reverse primer (5' 
G G G A A T T C T T A A C T T G A A T T A T C T G A A G G  
3') for Block 2 regions of  MAD20 and Well- 
come; forward primer (5' C T G G A T C C A A G -  
G A T G G A G C A A A T A C T  3') and reverse primer 
(5' G G G A A T T C T T A A C T T G A A T C A T C T G A A -  
G G  3') for the RO33 Block 2 region; forward 
primer (5' C C C G G A T C C G T A A C A C A T G A A A -  
GT TAT 3') and reverse primer (5' CCCGA-  
A T T C T T A T A A [ A / C ] A [ T / C ] C A T T T T T T C C T T  
3') for Palo Alto FUP and MAD20 Block 1 
regions. Underlined portions of  each primer indi- 
cate non-MSP-1 sequences added to incorporate 
BamHI and EcoRI restriction enzyme sites into 
the PCR products, whereas non-underlined parts 
of  these primers match specifically the 5' and 3' 
ends of  the three main types of  MSP-1 Block 2 
sequences, or the two main types of  MSP-1 Block 
1 sequences [7,9,30,31]. A polymerase chain reac- 
tion (PCR) cycle of  95°C, 90 s; 50°C, 15 s; 72°C, 
45 s was repeated for 35-40 cycles in each case. 

2.2. Production of recombinant MSP-1 antigens 

PCR amplified fragments of  the MSP-1 gene 
were expressed in Escherichia coli as recombinant 
proteins fused to the C-terminus of glutathione 
S-transferase (GST) of Schistosomajaponicum us- 
ing the pGEX-2T vector [35]. 

A single D N A  fragment was amplified by PCR 
from each sample of  genomic DNA,  purified from 
agarose gels using Prepagene (Bio-Rad) according 
to the manufacturer 's  instructions, digested with 
15 units each of EcoR I and BamHI restriction 
endonucleases (Boehringer Mannheim) and lig- 
ated with EcoRI and BamHI cut pGEX-2T plas- 
mid DNA.  Ligation mixes were used to transform 
E. coli strain DH5~. Transformants  carrying re- 
combinant  plasmids with D N A  inserts were 
screened for expression of fusion proteins 3.5 7.5 
kDa larger than GST, depending on the MSP-1 
D N A  insert in question. The sequence and orien- 
tation of the MSP-1 inserts in each construct was 
determined by D N A  sequencing [36]. Fig. 2 shows 
the deduced amino acid sequences of  Block 1 and 
Block 2 recombinant proteins reported in this 
study. Each GST fusion protein was produced 
and purified in bulk from 500 ml cultures of E. 
coli harbouring the appropriate GST-MSP-1 plas- 
mid construct. The GST-fusion proteins were 
purified to homogeneity by affinity chromatogra-  
phy on glutathione agarose beads (Sigma). Con- 
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trol antigen, GST, was purified from E. coli har- 
bouring the pGEX-2T vector alone. Aliquoted 
proteins were stored in elution buffer (50 mM Tris 
pH 8.0, 10 mM reduced glutathione) at - 7 0 ° C  
until needed. 

A pGEX construct which encodes a GST fusion 
protein containing most of the 19 kDa C-terminal 
fragment of  MSP-1 (MSP-119) was kindly pro- 
vided by Dr A. Holder of  the NIMR, Mill Hill, 
London, UK. It contains the C-terminal fragment 
from Asn1631 to Asn1726 of  the Wellcome isolate 
[371. 

2.3. Immun&ations 

Purified GST fusion proteins were used as im- 
munogens to produce polyclonal antisera in CBA/ 
Ca and MF1 strains of  mice. Immunising antigen 
was prepared by diluting each purified fusion 
protein in phosphate buffer saline (PBS) (7.15 
mM Na2HPO4, 2.85 mM KH2PO4, 3.58 mM KCI, 
0.134 M NaCI), adding 4 volumes of  adjuvant 
(Imject Alum, Pierce) dropwise and stirring for 30 
rain. This mixture was used to immunise mice 
intraperitoneally. For  each mouse, 50 /~g of  
protein in a final volume of  400 /tl was used for 
each immunising dose. Three doses were given at 
monthly intervals and blood was collected 12-13 
days after each boosting. 

2.4. MSP-  1-specific monoclonal antibodies and 
human sera 

Monoclonal antibodies used for analysis by 
ELISA of the recombinant antigens reported here 
are described in the legend to Fig. 4. Sera from 43 
patients (aged 1-34 years) presenting with un- 
complicated P. falciparum malaria to the Outpa- 
tients Department of the Medical Research 
Council at Fajara, The Gambia, West Africa, 
were collected during malaria transmission sea- 
sons (October to December) in 1982 and 1983. A 
sample of 0.3 ml of  blood was obtained from each 
patient as part of a venous sample for other 
studies [11], after consent, under the approval of 
the Scientific and Ethical Committees of  the Med- 
ical Research Council and of the Gambian gov- 
ernment and sera were stored at - 70°C. Control 

sera of  Europeans who had not been exposed to 
malaria infection were from 37 healthy adult 
donors to the Scottish Blood Transfusion Service. 

2.5. Indirect immunofluorescence assays (IFA) 

Specificities of  mouse polyclonal antisera made 
to the recombinant MSP-1 proteins for a selection 
of P. fdciparum isolates expressing different 
MSP-1 alleles were compared by indirect immu- 
nofluorescence assays (IFA) as described [12,38]. 
Serial dilutions of the antisera (1:50-1:1600) or 
control monoclonal antibodies, were made in PBS 
containing 1% bovine serum albumin (BSA) and 
0.01% sodium azide. A 25 /tl volume of  each 
antiserum was incubated on a well of a multispot 
slide (Hendley, Essex, UK) with acetone-fixed 
schizonts at room temperature for 30 min, fol- 
lowed by washing of the slides in PBS (1 min/5 
min/5 min). The slides were dried for 10 min at 
50°C, then each spot was incubated with 15/*1 of 
1:80 dilution of FITC (fluorescein isothiocyanate) 
conjugated rabbit anti-mouse Ig (ICN Immunobi- 
ologicals) for 30 min at room temperature. After 
two washes in PBS, the slides were immersed in a 
solution of  0.1% (w/v) Evans Blue and 0.001% 
(w/v) DAPI (4',6-diamino-2-phenylindole, Sigma) 
in PBS for 5 min to counterstain erythrocytes and 
parasite nuclei respectively. The slides were 
washed and mounted in Citifluor (City University, 
London) under cover-slips. The parasites were 
visualised by DAPI-fluorescence (DNA specific) 
and antibody-reactive parasites by FITC-fluores- 
cence (Ab specific) with incident light of 450-490 
nm and 390-440 nm respectively, at a magnifica- 
tion of x 600. 

2.6. Western blotting 

Schizont proteins extracted in SDS-sample 
buffer (50 mM Tris pH 6.8, 5% [v/v] 2-mercap- 
toethanol, 2% [w/v] SDS, 0.1% [w/v] bromophe- 
nol blue, 10% [v/v] glycerol) were resolved by 
discontinuous SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) in 8% acrylamide gels 
and transferred to Protran BA85 membranes 
(Schleicher and Schuell) in a Transfor elec- 
trophoresis unit (Hoefer, UK) at a constant cur- 
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rent of  70 mA with cooling for 3 h. The mem- 
branes were incubated in blocking buffer (5% 
non-fat milk powder in PBS, supplemented with 
0.05% Tween 20 and 0.02% NAN3) for 1 h and 
the transferred proteins then probed for 3 h 
with polyclonal mouse sera against the recombi- 
nant proteins diluted 1:50-1:400 in blocking 
buffer. The membranes were washed three times 
for 10 min each in washing buffer (0.1% (v/v) 
Tween 20 in PBS), incubated with horseradish 
peroxidase-conjugated rabbit anti-mouse IgG an- 
tibody (Dako, UK) diluted 1:400 in washing 
buffer for 1 h, washed three times as above and 
finally rinsed in 10 mM Tris, 0.9% NaC1, pH 
7.4. Binding of mouse IgG to schizont proteins 
was visualised using H202 and 4-chloro-l-naph- 
thol as the chromogenic substrate [39]. 

2. 7. Enzyme- l inked  immunosorbent assay 

( E L I S A )  

mM Na2HPO 4, pH 5.0). The reaction was 
stopped with 20 /*1 of  2M H2SO4 and ab- 
sorbance was measured at 492 nm. The cut-off 
level at which antibody binding from malaria 
exposed individuals to any one antigen, was re- 
garded as significantly above background that 
was calculated as the mean plus two standard 
deviations of absorbance readings obtained with 
sera from 37 Scottish blood donors with no his- 
tory of exposure to malaria. 

Competition for human antibody between 
pairs of antigens was also measured by ELISA. 
Aliquots (100 /*1) of selected sera diluted 1:500 
were first reacted with 0 -10  /,g ml 1 of soluble 
competing antigen i.e. with up to 20-fold excess 
of 50 ng plate-bound antigen, then placed on 
the plate-bound antigen in wells overnight. This 
was followed by incubation with HRP-conju- 
gated second antibody and the rest of the proce- 
dure as described above. 

Human sera and murine monoclonal antibod- 
ies were tested by ELISA for their ability to 
recognise the recombinant MSP-1 fragments. 
Wells of  96-well plates (Immulon 4, Dynatech) 
were coated with 50 ng/well of recombinant 
antigens in 100 /*1 of  coating buffer (15mM 
Na2CO3, 35mM NaHCO3, pH 9.3) overnight at 
4°C. The wells were washed three times in wash- 
ing buffer (0.05% Tween 20 in PBS). Unoccu- 
pied protein binding sites were blocked with 200 
/,l/well blocking buffer (1% [w/v] skimmed milk 
powder in washing buffer) for 5 h at room tem- 
perature and washed again three times. Mouse 
mAbs or human sera diluted in the blocking 
buffer (100 /,1 per well) were added to duplicate 
antigen-coated wells overnight at 4°C. After 
three washes, the wells were incubated for 3 h 
with 100 /*1 per well of horseradish peroxidase 
(HRP)-conjugated polyclonal rabbit anti-mouse 
IgG (at l:1000) or rabbit anti-human IgG (at 
1:5000) (Dako Ltd., High Wycombe, UK) and 
washed three times before incubating for up to 
15 min at room temperature with 100 /*1 of sub- 
strate (0.1 mg ml -~ O-phenylenediamine 
[Sigma] and 0.012% H202) in development 
buffer (24.5 mM citric acid monohydrate and 52 

3. Results 

3.1. Expression o f  M S P - I  Block 1 and Block 2 
sequences as recombinant proteins 

All but one of the MSP-1 sequences cloned 
in pGEX-2T (Fig. 2) were found to be identical 
to published sequences [7,9,30,31]. DNA se- 
quencing of the Block 2 region from the 3D7 
clone of P. Jidciparum revealed differences 
from the published sequence [40]. The deduced 
amino acid sequence of  the 3D7 recombinant 
protein contains six GASAQS hexapeptide re- 
peats, not five as previously reported, and is 
more closely related to the MSP-1 sequence of 
isolate NF7 [41] (Fig. 2). The original authors 
[40] have recently submitted this corrected 
sequence of 3D7 to Genbank (Acc. No. 
X52963). 

All MSP-1 recombinant fusion proteins were 
produced in a soluble form, and were purified 
to homogeneity by affinity chromatography on 
glutathione agarose beads. Protein yields varied 
between 4 mg 1 L of E. coli culture for Block 1 
constructs to 30 mg 1 ~ for Block 2 constructs. 
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3.2. Differentiation of MSP-I allelic variants by 
antisera raised against recombinant proteins 

Antisera produced in mice against Block 1 and 
Block 2 recombinant fusion proteins were tested 
by IFA and Western blotting for specificity of 
reactivity with schizonts expressing known allelic 
variants of MSP-1. IFA reactivities of  antisera 
raised against the five variant Block 2 antigens are 
summarised in Table 1 and immunoblot reactivi- 
ties of all antisera with schizont proteins are 
shown in Fig. 3. 

In IFA, sera of  20/20 mice immunised against 
either the Palo Alto or MAD20 variants of Block 
l recognised equally strongly schizonts of all iso- 
lates tested, with no differentiation between para- 
sites expressing either the MAD20 or Palo Alto 
variant of Block 1 (data not shown). Seventeen 
out of 18 positive sera raised against either the 
3D7 or Palo Alto recombinant Block 2 antigens 
specifically recognised schizont and merozoite 
stages of both these isolates, but most were unable 
to differentiate well between these isolates that 
both express a Kl-like type of Block 2, despite 
each antigen containing different internal repeti- 
tive sequences (Fig. 2; Table 1, columns 3D7 and 
Palo Alto). However, these sera were all highly 
specific for the K l-like type of Block 2 as they 
failed to react with any parasites expressing the 
other two types of Block 2 (MAD20 and Well- 
come, or RO33). Specificity for the MAD20-1ike 
type but lack of differentiation within this type 
was also shown by all 18 positive antisera raised 
against the MAD20 or Wellcome recombinant 
Block 2 antigens, that contain non-identical re- 
peat sequences (Fig. 2; Table 1, columns MAD20 
and Wellcome). Ten sera raised against the re- 
combinant RO33 Block 2 antigen reacted specifi- 
cally with RO33-type parasites (Table 1, column 
RO33), but not with any parasites of the K1 or 
MAD20 types. 

Western blots of  schizont proteins probed with 
the same antisera showed the same specificity as 
IFA for different variants of  MSP-1 (Fig. 3). Thus 
sera against recombinant Block 1 proteins recog- 
nised all variants of MSP-1 tested (including inter- 
mediate processing products, Fig. 3, Panel A). 
Antisera to recombinant Kl-like Block 2 types 

reacted specifically with 3D7 and Palo Alto native 
MSP-1 proteins, but not with MAD20-1ike or 
RO33 variants expressed by the other tested para- 
sites (Fig. 3, Panels B and C). Sera raised against 
recombinant MAD20-1ike Block 2 types reacted 
solely with MAD20-type parasites' MSP-1 prod- 
ucts, including the N-terminal MSP-183 fragment 
(Fig. 3, Panels D and E). Finally, sera against the 
recombinant RO33 Block 2 protein recognised 
only the MSP-1 products of  RO33 type parasites 
(Fig. 3, panel F). These highly specific reactions in 
Western blots with schizont MSP-1 confirmed and 
extended the results of the IFA experiments, and 
showed that the recombinant Block 2 antigens are 
antigenically similar to native MSP-1 and can 
induce antibodies which recognise parasite MSP-1 
in type-specific manner. 

3.3. Reactivity of recombinant Block 2 antigens 
with murine monoclonal antibodies 

Murine mAbs specific for various domains of 
the MSP-1 molecule were used to probe further 
the antigenic integrity of the recombinant Block 1 
and 2 antigens by ELISA (Fig. 4; legend lists the 
domain- and type-specificities of  the mAbs). No 
mAbs specific for the Block 1 region, or the 
MAD20 and Wellcome variants of Block 2, were 
available and these four antigens tested negative 
with all antibody reagents. Other Block 2 fusion 
proteins were specifically recognised only by 
mAbs directed against that region of MSP-1. 
Monoclonal antibodies 12.3D3.10 and CE2.1, 
which are highly specific for (SGT)3 and (SGT)5 
repeats typical of  the Palo Alto isolate, reacted 
solely with the Palo Alto Block 2 fusion protein. 
The mAb 12.2-1-1 which recognises the 3D7 re- 
peats GASAQS and similar Kl-like Block 2 se- 
quences, reacted with both 3D7 and Palo Alto 
recombinant Block 2 antigens containing the 
target sequence. Three RO33-specific mAbs (31.1, 
31.2 and 31.7) reacted solely with the recombinant 
RO33 Block 2 antigen. Monoclonals 12.10-5, 
12.8-2, 2.2-7 and 5.2, specific for the C-terminal 
MSP-1 fragment, were included as negative con- 
trols in the assessments of  Block 2 antigens. These 
mAbs, all specific for disulphide-dependent epi- 
topes of native MSP-I19 , reacted only with the 



T a b l e  1 

l m m u n o f l u o r e s c e n c e  r e a c t i o n s  o f  m o u s e  sera  to  r e c o m b i n a n t  B l o c k  2 p r o t e i n s  w i t h  s c h i z o n t s  o f  P. Jah'iparum i so l a t e s  

l m m u n o g e n  M o u s e  s t r a in  M o u s e  T i t r e  P a r a s i t e  i so l a t e  tes ted  

i m m u n i s e d  n u m b e r  

3 D 7  Pa lo  A l t o  M A D 2 0  W e l l c o m e  R O 3 3  

3 D 7  B l o c k  2 C B A / C a  

M F I  

Pa lo  A l t o  B l o c k  2 C B A / C a  

M F I  

M A D 2 0  Block  2 C B A / C a  

M F I  

W e l l c o m e  B l o c k  2 C B A / C a  

M F 1  

R O 3 3  B l o c k  2 C B A / C a  

M F 1  

1 50 + - -  - - +  - - 

2 50 + +  + +  _+ _+ _+ 

3 50 + +  + +  

4 50 + + +  + + +  _+ _+ 

5 100 + + +  + + +  _+ - - 

1 1 0 0 0  + + + + + 

2 50 + + + +  + + +  _+ _+ 

3 400  + + + + + - ± - 

4 100 + + + +  + + + +  - - - 

1 5 0  + + - - - 

2 50 - - +__ __+ - 

3 100 + + +  + + +  + - - 

4 150 + +  + +  - - - 

5 50 + + + - - - 

1 1 0 0 0  + + + + + + + - - - 

2 1000 + + + + + + + - - - 

3 1000 + + + + + + - - 

4 1000 + + + + + - - 

5 500 + + + + + - - - 

1 1 0 0  - - + + + +  

2 400  - - + + + + 

3 100 - - + + + +  + + +  

4 50 - - + +  + +  

1 50 + +  + +  - 

2 400  + + + +  + + +  - 

3 400  - _+ + + + + + + - 

4 200 + + + +  + + +  

5 400  - + + + + + 

1 5 0  - - + + - 

2 50 - + + + + 

3 50 _+ + +  + +  - 

4 50 _+ - + + + - 

5 50 - + + + +  + + +  - 

1 5 0  - + + - 

2 100 - - + +  + +  

3 50 . . . .  

4 50 - - + + 

5 I00 + - + + +  + +  + 

1 1 0 0  - - + + +  

2 100 - _+ _+ + + +  

3 600 - - + + 

4 800 - _+ - + + + 

5 800 - - + + + 

1 1 0 0 0  - - + + + 

2 3000 - - - + + + 

3 100 - - + +  + 

4 50 - - - + + +  

5 1000 -- - - + + + 

R e c o m b i n a n t  i m m u n o g e n s  a n d  m o u s e  s t r a i n s  are  s h o w n  in c o l u m n s  1 a n d  2 respec t ive ly .  T h e  t a b l e  s h o w s  r e s p o n s e s  o f  i n d i v i d u a l  

mice  on  d a y  13 a f t e r  s e c o n d a r y  i m m u n i s a t i o n .  Se ra  were  f i rs t  t i t r a t e d  be tween  1:50 a n d  1:1600 o n  h o m o l o g o u s  p a r a s i t e s  fo r  the  

h i g h e s t  d i l u t i o n  a t  wh ich  a s t r o n g  r e a c t i o n  c o u l d  st i l l  be  seen, a n d  were  t hen  tes ted  a t  t h a t  d i l u t i o n  on  o t h e r  i so l a t e s  t h a t  d i f f e r  in 

B lock  2 o f  MSP-1  [10]. T h e  r e l a t ive  s t r e n g t h  o f  the  r e a c t i v i t y  o f  each  s e r u m  w i t h  s c h i z o n t  s t age  p a r a s i t e s  f r o m  f ive p a r a s i t e  t ypes  

t e s ted  is s h o w n :  ( + + + + ) v e r y  b r i g h t  s ch i zon t - spec i f i c  f luorescence  ( +  + + ), b r i g h t  s ch i zon t - spec i f i c  f luorescence :  ( +  + ), eas i ly  

v i s ib l e  s ch i zon t - spec i f i c  f luorescence ;  ( + ), v i s ib l e  s ch i zon t - spec i f i c  f luorescence ;  ( + ), i n c o n s i s t e n t  f luorescence :  ( ), n o  f luorescence .  
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MSP1 

MSP183 
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B anti-3D7 Block2 C 
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anti-Palo Alto Block 2 
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--97.4 
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D anti-MAD20 Block 2 

1 2 3 4 5 

--200 ~ -- 97.4 

- -  6 7  

E anti-Wellcome Block 2 F 
1 2 3 4 5 

-- 200 

--97.4 

- -  6 7  

anti-RO33 Block 2 
I 2 3 4 5 

- 200 

- 97.4 

- 6 7  

Fig. 3. Specific reactions of schizont MSP-l and its natural processing product MSP-183 with antisera made against recombinant 
Block 1 or Block 2 fusion proteins. Pooled sera produced by groups of mice immunised with indicated recombinant antigens were 
used to probe Western blots of schizont proteins run on 8% SDS-PAGE gels. Total schizont proteins of five P. falciparum isolates 
were probed as follows: lane 1 Palo Alto FUP; lane 2 3D7; lane 3 MAD20; lane 4 Wellcome; lane 5 RO33. Panel A, anti-Block 1 
serum; B, anti-Block 2 Palo Alto; C, anti-Block 2 3D7; D, anti-Block 2 MAD20; E, anti-Block 2 Wellcome; F, anti-Block 2 RO33. 
The positions of molecular weight markers run in parallel with the schizont extracts are shown for each blot. The position of MSP-I 
and its N-terminal processing fragment MSP-183 (present only in extracts of parasites in lanes 3 and 5) are marked in panel A; other 
intermediate processing products of MSP-1 are present in lanes 2 and 4. 

recombinant MSP-119. Other mAbs were specific 
for epitopes within regions of  the MSP-1 molecule 
outside those contained in the recombinant anti- 
gens, which failed to react with these negative 
control mAbs as expected. 

3.4. Reactivity of  recombinant MSP-1 antigens 
with human IgG antibodies 

Antibody recognition of the panel of recombi- 
nant MSP-1 antigens including all variants of 
Block l, Block 2 and MSP-119, was tested by 
ELISA against 43 sera from malaria-exposed 
donors (1-34 years old) from The Gambia and 
also against 37 sera from non-exposed adult Eu- 
ropeans as controls. Results are shown in Figs. 5 
and 6. All seven antigens tested were specifically 
recognised by IgG serum antibodies from some 
malaria-exposed individuals but not by non-ex- 
posed controls. Only one malaria-exposed individ- 

ual (0.2%) had antibodies to the relatively 
conserved Block 1 region, whereas 32 (75%) indi- 
viduals had antibodies which recognised the con- 
served MSP-119 antigen. Variable numbers of 
individuals recognised the Block 2 antigens, from 
8 (19%) for the 3D7 antigen to 16 (37%) for the 
Palo Alto antigen. In all cases, IgG antibodies 
from malaria-exposed donors differentiated 
clearly between the Kl-like, MAD20-1ike and 
RO33 types of Block 2, but failed to differentiate 
between variants within a type (typical examples 
shown in Fig. 6). For example, antibodies from 
donor W3 recognised both Kl- type Block 2 anti- 
gens (3D7 and Palo Alto). Similarly, antibodies 
from donor  F8 recognised both tested MAD20- 
type variants (MAD20 and Wellcome), and to a 
lesser extent the Kl- type  Block 2 antigens. This is 
explained by the presence of  both Kl-like and 
MAD20-1ike parasites in the blood of this individ- 
ual as detected by PCR (data not shown). RO33 
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Block 2-specific responses (donor GF20, Fig. 6) 
are also type specific and show no cross-reaction 
with other Block 2 types. 

To analyse in detail specificities of the sera 
for variants of Block 2, competitive inhibition 
ELISAs were performed using pairs of similar 
recombinant antigens, one as the capture anti- 
gen on the plate to detect IgG binding, the 
other as a competing antigen added in increas- 
ing amounts to serum. Sera W3 (K 1-type recog- 
nition) and F8 (MAD20-type recognition) were 
tested with pairs of antigens within these types 
(Fig. 7). 

For serum W3, there was little difference in 
the capacity of the two tested Kl- type  variants 
(3D7 or Palo Alto) to compete with each other 
for antibodies, indicating this serum contained 
antibodies that cross-reacted with both recombi- 
nant antigens. In reciprocal experiments, com- 
plete inhibition of antibody binding to either 
capture antigen was achieved with approxi- 
mately the same excess of competing antigen, 
indicating that this serum contained no signifi- 

R e c o g n t t ] o n  o f  r e c o m b i n a n t  a n t i g e n s  b~ m o n o c l o n a l  an t~bodles  
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i 3 1 7 7  

N95-1-5-1 
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Fig. 4. Specific recognition of  recombinant MSP-l  antigens by 
monoclonal  antibodies against various regions of P. Jalciparum 
MSP-I.  Each recombinant antigen was tested by ELISA for 
reactivity with the following antibodies: 12.3D3.10 and CE2.1 
specific for tandem repeats of  [SGT]n in Block 2 of Palo Alto 
[5, 24]; 12.2-l-1 to GASAQS sequences in Block 2 of K1 type 
[12,24]; 31.1, 31.2 and 31.7 to RO33 type of Block 2 [unpub- 
lished]; 2.2-7, 12.8-2, 12.10-5, and 5.2 to disulphide-dependent 
epitopes in MSP-1L9 [3,13]; 9.5-1-5-1, 13.2-3, 89.1 and 127B2- 
11 [2, 5, 12, 38] were negative control mAbs  to epitopes in 
Blocks 3 7 within the MSP-183 fragment; only reactivity of  
the first of  these control mAbs  is shown. 
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Fig. 5. Specific reactivity of  recombinant MSP-1 antigens with 
serum IgG antibodies from malaria patients. Circles indicate 
sera from 43 Gambian  patients and squares indicate sera from 
37 non-exposed European controls; all sera were tested at 
1:500 dilution in ELISA. Each point indicates reactivity of  
antibodies from a single individual, shown as OD units mea- 
sured at 492 nm, corrected for background binding to GST 
control antigen alone. Horizontal bars indicate mean values 
for Gambian  sera, or mean values and mean plus 2 standard 
deviations for European sera. 

cant population of antibodies which discriminated 
between these two variants within the K1 
type (Fig. 7A). 

In serum F8 (MAD20-type recognition), inhi- 
bition of antibody binding by both MAD20 and 
Wellcome competing variants, versus either as 
capture antigen, indicated that this serum con- 
tained antibodies directed against epitopes 
shared between the Wellcome and MAD20 
Block 2 region (Fig. 7B). This serum also con- 
tained a residual population of antibodies which 
were specific for only the MAD20 Block 2 as 
shown by the incomplete inhibition of binding 
by the Wellcome variant as competitor antigen 
when the MAD20 variant is used as capture 
antigen. 

Irrelevant competitor antigens of other types 
were used as controls in each case, and these 
did not inhibit the type-specific antibody-antigen 
interactions analysed above. 
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Recognition of recombinant antigens by human antibodies 
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nil MSP119 

D o n o r  ID 

Fig. 6. Human IgG antibodies to Block 2 are type-specific. Antigens are denoted in the figure legend and identities of three serum 
donors chosen as typical examples are marked below each series of assays. 

4. Discussion 

Recombinant  antigens representing the rela- 
tively conserved Block 1 region and five variants 
of  the polymorphic Block 2 region of  P. falci- 
parum MSP-1 have been made that contain anti- 
genic determinants similar to those of  the native 
MSP-1 of the parasite. All the recombinant anti- 
gens contain amino acid sequences identical to the 
published sequences of  the respective parasite 
variants of  MSP-1 [7,9,30,31] with the exception 
of 3D7 [40], where minor differences were noted 
and corrected. 

Monoclonal antibodies to MSP-1 reacted with 
the recombinant antigens as expected from their 
known specificities for the natural parasite prod- 
ucts of  various MSP-1 alleles (Fig. 4). The highly 
specific recognition of  the appropriate  recombi- 
nant antigens by each of the mAbs raised against 
MSP-1 of  the parasite indicates that the recombi- 
nant antigens are in a form which mimics epitopes 
of the natural MSP-1 from parasites. The repeti- 

tire sequence of recombinant Palo Alto Block 2 is 
similar enough to contain two natural repetitive 
epitopes of  the parasite protein. 

Antibodies raised in mice against the relatively 
conserved Block 1 antigens recognised all tested 
variants of  parasite-expressed MSP-1. In contrast, 
polyclonal murine antibodies against the recombi- 
nant Block 2 antigens showed strict specificity for 
only one of  the three main types and were thus, 
able to discriminate between types effectively. 
However, these same antibodies were not able to 
discriminate between variants of  the same type, 
despite significant differences between the internal 
repetitive sequences of  these antigens. Antibodies 
raised in mice against recombinant Block 2 are 
thus directed primarily at shared epitopes within a 
type rather than against the polymorphic repeats 
found in the MAD20- and Kl-l ike variants. 

Recognition of  the recombinant Block 2 anti- 
gens by serum IgG antibodies from malaria-ex- 
posed individuals from Africa appears similar to 
their recognition by the murine immune system, 
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Fig. 7. Analysis of  type-specific human  antibodies against Block 2 of MSP-1 by competition ELISA. A, Serum from donor W3 
(Kl- type recognition) and B, Serum from donor F8 (MAD20-type recognition) used at 1:500 dilution. Legend in each panel 
indicates the pairs of  competing antigens used, with the soluble competing antigen listed first and the well-bound capture antigen 
second. The capture antigen was coated at 50 ng/well. The increasing amount  of  competing antigen added to the diluted sera is 
indicated along the X-axis. 

in that detectable human antibodies are type-spe- 
cific but are primarily directed against shared 
epitopes within a type, rather than against poly- 
morphic repetitive epitopes. All anti-Block 2 posi- 
tive human sera identified so far (Fig. 5) show 
equivalent levels of reactivity with Block 2 anti- 
gens within any one type, and fail to discriminate 
well between antigens with different internal 
repetitive sequences. This result was extended here 
for two representative sera by competition ELISA 
to show that most of the human IgG reactive with 
one variant of the K1 (or MAD20) type can be 
inhibited from binding to that variant by a differ- 
ent variant of the same type. It therefore seems 
that in malaria-exposed individuals, the IgG re- 
sponses to the Block 2 of the K1 or of the 
MAD20 type variants are directed predominantly 
against the flanking sequences that define the 

types rather than against the internal polymorphic 
repeats. Alternatively, unlike all existing mAbs, 
some human antibodies may recognise similar 
epitopes generated by non-identical but related 
repetitive sequences. The apparent scarcity of hu- 
man antibodies specific for the repetitive parts of 
Block 2 is perhaps surprising, since such repetitive 
sequences have been proposed to contain 'im- 
munodominant '  B cell epitopes in other P. falci- 
parum proteins [42]. It is well established that 
repeated structures within antigens crosslink sur- 
face immunoglobulins on B cells to provide acti- 
vation signals independent of T cell help [43,44]. 
Repetitive structures of malaria proteins have 
been suggested to induce 'ineffectual' B cell re- 
sponses which, in addition, might suppress the 
formation of antibodies to other more important 
epitopes on the same or other antigens [45]. In 
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contrast, it has been hypothesised that in the case 
of  MSP-1, the extensive allelic diversity of  repeti- 
tive sequences would make them less likely to be 
immunodominant  [46]. Our results, the first exper- 
imental evidence on the matter,  appear  to support  
the latter hypothesis. However, the Block 2 anti- 
gens chosen for expression and study here repre- 
sent only a fraction of the known sequence 
polymorphism in this region of the MSP-1 
molecule and thus, it is not excluded that human 
sera do contain antibodies to variants of  Block 2 
repeats other than those included in our limited 
panel of recombinant antigens. In agreement with 
our results, Tolle et al. [28] showed in a survey of 
malaria exposed individuals in Mali that the 
Block 2 region of  MSP-1 is immunogenic, but not 
immunodominant ,  since antibodies to other epi- 
topes within the protein were found with equiva- 
lent frequency. Since their assay contained only 
one variant of  each of the K l-like, MAD20-1ike, 
or RO33 types, they were unable to comment  on 
the immunogenicity of  variant-specific repeats per 
se .  

In our experience, the frequencies at which IgG 
antibodies specific for the conserved Block 1 
(0.02%) or the polymorphic Block 2 types (19 
42%) of  MSP-1 are detected in sera from malaria- 
exposed individuals are much lower than that of  
antibodies to the conserved C-terminal antigen 
MSP-119 (75%). For  Block 2, this could be ex- 
plained by a lower frequency with which any of  
the three types of  Block 2 is likely to be encoun- 
tered in naturally transmitted infections. In any 
series of  P. fa lc iparum infections of  one individ- 
ual, the same C-terminal fragment would be en- 
countered every time, whereas the chance of 
infections with parasites expressing the same type, 
let alone the same variant, of  the polymorphic 
Block 2 is considerably less. Thus, the frequency 
of exposure to a particular epitope (or set of  
epitopes) would be the main determinant of  the 
frequency with which antibodies to that region are 
detected in naturally exposed individuals. Why 
the conserved Block 1 region rarely if ever pro- 
vokes human antibody responses is more puz- 
zling. Since conserved sequences in both our 
recombinant Block 1 antigens are sufficiently im- 
munogenic to induce very reliably MSP-l-specific 

antibodies in mice, and are recognised by serum 
IgG of a few malaria-exposed individuals, the 
recombinant proteins do contain some conserved 
epitopes. Thus, it appears that such epitopes of  
Block 1 are not well recognised in the course of  a 
natural infection and do not promote  strong (or 
long lasting) IgG antibody responses. Whether 
human antibody response to Block 1 is limited to 
the production of  IgM is currently being investi- 
gated. 

These recombinant antigens are now being used 
in assessing the frequency, specificity and kinetics 
of  the humoral  immune response to both con- 
served and polymorphic N-terminal regions of  
MSP-1 and will enable analysis of  the so-called 
'strain'-specific immune responses induced during 
naturally transmitted malaria infections. 
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