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Immunoglobulins from individuals with immunity to malaria have a strong antiparasitic effect when trans-
ferred to Plasmodium falciparum malaria infected patients. One prominent target of antiparasitic antibodies is
the merozoite surface antigen 3 (MSP-3). We have investigated the antibody response against MSP-3 residues
194 to 257 (MSP-3194–257) on the molecular level. mRNA from peripheral blood leukocytes from clinically
immune individuals was used as a source of Fab (fragment antibody) genes. A Fab-phage display library was
made, and three distinct antibodies designated RAM1, RAM2, and RAM3 were isolated by panning. Immu-
noglobulin G1 (IgG1) and IgG3 full-length antibodies have been produced in CHO cells. Reactivity with the
native parasite protein was demonstrated by immunofluorescence microscopy, flow cytometry, and immuno-
blotting. Furthermore, the antiparasitic effect of RAM1 has been tested in vitro in an antibody-dependent
cellular inhibition (ADCI) assay. Both the IgG1 and the IgG3 versions of the antibody show an inhibitory effect
on parasite growth.

Clinical immunity to Plasmodium falciparum malaria is grad-
ually acquired over a dozen years of intense exposure to the
parasite (12). Acquired immunity to malaria has been termed
premunition and is characterized as being nonsterile and in-
complete (43). The exact mechanism responsible for premuni-
tion is not known with certainty. However, a number of clinical
studies carried out in the early sixties (9, 16, 23)—and subse-
quently confirmed and extended in the nineties (2, 33)—
showed an unambiguous antiparasitic effect of antibodies
transferred from adults with immunity to malaria to malaria-
infected infants. Clinical effects observed in one of these stud-
ies correlated with the effect measured in the in vitro assay
termed antibody-dependent cellular inhibition (ADCI) (2, 4).
In the ADCI assay, immune antibody cooperates with mono-
cytes in an in vitro malaria culture, and the antiparasitic effect
is demonstrated by parasite growth inhibition. It has been
shown that the antibody-merozoite complex by a contact-de-
pendent mechanism stimulates the monocyte to secrete sub-
stances toxic to the asexual blood stages. The specific sub-
stances responsible for the subsequent, non-contact-dependent
parasite growth inhibition include tumor necrosis factor alpha
together with other molecules that are yet to be identified (4).
The ADCI assay has been used for identification and charac-
terization of the merozoite surface protein 3 (MSP-3) (27).

An invariable structural feature of all reported MSP-3 se-
quences is the presence of three regions each of which contains
three, four, or five conserved heptad repeat units. Previously

published structural analyses suggest that the heptad repeat
regions have an amphipathic alpha-helical secondary structure.
A coiled-coil bundle conformation including these regions is a
theoretical possibility supported by experimental data (24).
The C-terminal part of MSP-3 contains a leucine zipper-like
domain possibly implicated in dimerization and the formation
of tetramers in vivo (5). MSP-3 contains a 96-amino-acid pre-
dicted globular region of high amino acid complexity. The
region comprises amino acid residues 166 to 261 numbered
according to the D10 sequence (GenBank accession number
L07944) positioned C-terminal to the second putative �-helix
(18). Naturally occurring antibodies affinity purified on the
C-terminal part of this globular region (MSP-3 amino acid
residues 194 to 257 [MSP-3194–257]) have been shown to exert
a strong inhibition in ADCI assays (27). A recent phase I
vaccine trial using a long synthetic peptide spanning this region
of MSP-3 has shown promising results in terms of raising both
humoral and cellular responses (1). Functional studies of the
long synthetic peptide-induced responses have shown encour-
aging results in vitro in ADCI assays and in vivo in an immu-
nocompromised BXN mouse model (13). Furthermore, an ex-
ceptional degree of conservation in this region makes it a
prominent vaccine candidate (39).

Additionally, this region shows complete homology with a
sequence of 11 amino acids (MSP-3220–230) from the MSP-6
antigen (MSP-6182–192), except for a valine-to-alanine substi-
tution at position 229 of the MSP-3 sequence (49) as well as
high homology with two additional antigens. The latter anti-
gens and their resemblance to MSP-3 and MSP-6 have been
described and designated H101 and H103 recently (31). It has
been shown that naturally occurring antibodies affinity purified
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on MSP-6-derived peptides cross-react with MSP-3-derived
homologous peptides and exert an ADCI effect in vitro,
thereby confirming the biological relevance of these homolo-
gies (40).

Recombinant antibodies would be excellent tools to eluci-
date the role of isotype and fine specificity of anti-MSP-3
antibodies. All previous work has relied on either polyclonal
bulk antibody or affinity-purified antiparasitic antibody. In con-
trast to the polyclonal antibody preparations used so far, spec-
ificity and isotype of recombinant antibodies can be controlled
at will by use of DNA techniques.

To clarify the role of anti-MSP-3 antibodies, cross-reactivity
with MSP-6, and functional properties in naturally occurring
malaria immunity, we decided to clone antibodies directed
against the target antigen fragment MSP-3194–257 (27). The
present paper describes the isolation and characterization of
three distinct antibodies directed to MSP-3194–257 as well as
functional in vitro studies in the ADCI assay of one of these
antibodies. The amino acid residues of the antigen fragments
used in this study are numbered according to their position in
the P. falciparum D10 clone of isolate FC27/PNG amino acid
sequence (GenBank accession numbers L07944 [MSP-3] and
AY518888 [MSP-6]).

MATERIALS AND METHODS

Escherichia coli strains, helper phage, parasites, antigens, and control anti-
body. E. coli strain Top10/F�Tetr (15) and kanamycin resistant helper phage
VCSM13 from Stratagene (cat. no. 200251) were used.

The 3D7 clone (NF54 strain) of P. falciparum was propagated in human red
blood cells (10). Lars Hviid, University Hospital, Copenhagen, Denmark, kindly
provided parasites for specificity studies.

Recombinant MSP-3194–257 (MSP-3 DG210) antigen (27) was produced as a
six-His-tagged protein in E. coli and purified by immobilized metal affinity chro-
matography. Recombinant antigen was kindly provided by Michael Theisen,
Statens Serum Institute, Copenhagen, Denmark.

The peptides MSP-3190–217 (H-VEKDYERAKNAYQKANQAVLKAKEASS
Y-OH), MSP-3211–237 (biotin-AKEASSYDYILGWEFGGGVPEHKKEEN-
OH), MSP-3230–257 (biotin-PEHKKEENMLSHLYVSSKDKENISKENE-OH),
and MSP-6182–192 (biotin-ILGWEFGGGAP-OH) were chemically synthesized
(Schafer-N, Denmark).

Negative control recombinant antibody. Recombinant Fab to the Haemophilus
influenzae type b capsular polysaccharide (19) (HibCP) was used as a negative
control (a kind gift from Lotte Hougs, University Hospital Copenhagen). Vector,
host, and production conditions for the control antibody were identical to the
antimalarial antibodies (26).

Purified recombinant anti-rhesus D (RhD) (15) of the immunoglobulin G1
(IgG1) and IgG3 isotypes was also used as a negative control. Mammalian
cloning vectors were kindly provided by Lars Norderhaug (26). Allotypes of
heavy chain constant regions, hosts, and production conditions for the control
recombinant antibodies (rAbs) were identical to those of the antimalarial Abs.

PIAG. Positive control IgG (PIAG) was purified from a serum pool obtained
from 30 adult Africans living permanently in Garitenga, Burkina Faso, where
malaria is holoendemic. Donors were free of clinical symptoms and of heavy
parasitemia and thus regarded as immune individuals (2). The IgG was extracted
by ion-exchange chromatography on DEAE-Sephadex (Amersham Biosciences,
Buckinghamshire, United Kingdom); protein concentration was determined to
be 20 mg/ml with the bicinchoninic acid protein determination reagents (Sigma,
St. Louis, MO), and the level of malaria-specific Ab was determined by immu-
nofluorescence assay (2) with an endpoint titer of 1:52,000.

NIG. Negative control IgG (NIG)was prepared as described above for PIAG
from a commercially available pool from more than 1,000 healthy French blood
donors (Biotransfusion CRTS, Lille, France). The immunofluorescence test was
negative at a dilution of 1:200.

Sampling of peripheral blood leukocytes followed by PCR amplification and
cloning of antibody genes. A total of 100 ml of peripheral blood was collected
with informed consent from each of 13 adults living in the village of Toubakouta,

near Dielmo in an area of Senegal where malaria is holoendemic, with approx-
imately 200 infectious bites per year (41). Donors were aged 19 to 27 years and
were selected on the basis of permanent residency in the area and acquisition of
immunity based on the absence of recorded malaria attacks for several years.
Total leukocytes were separated by simple centrifugation, resuspended in 6 M
guanidinium HCl, and stored in liquid N2 (17). RNA was isolated from the
samples by acid phenol extraction according to the procedure of Chirgwin et al.
(7). mRNA was converted to cDNA as described by Ørum et al. (29).

Amplification of antibody genes was carried out as separate primary and
secondary reactions for variable heavy (VH) chain region genes and for entire
light chain genes (V�-C� and V�-C�), respectively, as described in detail previ-
ously (15). Amplification products from the secondary extension PCR were
separated on low-melting-point agarose followed by digestion with agarase. The
extended VH amplificates were digested with restriction enzymes NheI and ApaI
in two separate reactions.

The phagemid used in this work was pFAB73HHUI developed from pFAB4H
(15) and described by Engberg et al. (17). Briefly, the vector harbors a truncated
version of the M13 phage envelope protein pIII coding gene gIII. By cloning Fab
encoding genes into pFAB73HHUI, the plasmid will encode a Fab-�pIII pro-
tein. pFAB73HHUI was digested with restriction enzymes NheI and ApaI. The
VH amplificates were ligated into the plasmid and electroporated into E. coli
Top10 Tet using an E. coli pulser set (Bio-Rad). Transformed bacteria were
plated on LB agar (34) containing 50 mg/liter carbenicillin, 12.5 mg/liter tetra-
cycline, and 2% glucose. Plates were incubated overnight at 37°C. Colonies were
washed off the plates and used to start a liquid culture, which was eventually used
for preparation of vector DNA with QIAGEN columns (QIAGEN GmbH,
Hilden, Germany). The extended V�-C� and V�-C� products were digested with
restriction enzymes AscI and SfiI. The V�-C� and V�-C� genes were subse-
quently cloned into SfiI- and AscI-digested pFAB73HHUI harboring VH genes.

Production of phage and panning procedure. A 50-ml culture of the library in
LB medium with 50 mg/liter carbenicillin, 12.5 mg/liter tetracycline, and 2%
glucose was superinfected with VCSM13 helper phage (Stratagene) at an optical
density at 600 nm (OD600) of 0.8. A multiplicity of infection of 100 was used and
the mixture was incubated at 37°C with gentle shaking (50 rpm) for 1 h. Then the
culture was diluted into 950 ml of medium as above but without glucose and
incubated at 30°C overnight. After a 15-min spin at 10,000 � g, phage in the
supernatant was precipitated with polyethylene glycol 6000 and sodium chloride
at final concentrations of 4% and 0.5 M, respectively. The supernatant was
incubated for 1 h on ice and centrifuged for 30 min at 12,000 � g. Precipitated
phage was resuspended in phosphate-buffered saline (PBS) with 0.1% bovine
serum albumin (BSA; Sigma) and used immediately. The total number of phage
(34) was 1.3 � 1013.

Biotinylated MSP-3194–257 was coupled to Dynabeads M-280 streptavidin (cat.
no. 112.05; Dynal, Norway) as described by the manufacturer. After the antigen-
coated beads were incubated with phage in an end-over-end mixer for 1 h, beads
were captured with a magnetic particle concentrator (MPC-6; Dynal cat. no.
120.02) for 5 min and then washed six times in 10 ml of PBS with 0.05% Tween
20 for 2 min. After the last wash beads were resuspended in 1 ml of PBS with 1
mg of trypsin (Worthington), and phage was eluted during a 1-h incubation at
37°C. Then a volume of 3 ml of exponentially growing Top10 with an OD600 of
1 was added, and the mixture was incubated at 37°C for 30 min to allow eluted
phage to attach to E. coli. The bacteria were finally plated on LB agar (34)
containing 50 mg/liter carbenicillin, 12.5 mg/liter tetracycline, and 2% glucose
and incubated overnight at 37°C. Colonies were washed off the plates with LB
medium and stored as a glycerol stock at �80°C or grown for production of
phage or DNA as described.

Subsequent to the first panning round, three series of pannings were carried
out in parallel, to a total of four rounds. In the first series, the number of beads
was reduced by a factor of 5 for each subsequent panning round. In the second
and the third series, the number of beads was reduced by a factor of 10 and 20,
respectively. After the fourth panning round, single colonies from all three series
were grown in sterile microtiter plates (NUNC cat. no. 163320) for production of
Fab-�pIII.

Nucleotide sequence analysis. DNA sequencing of selected colonies was per-
formed with the Sanger dideoxy method (35) using PRISM AmpliTaq FS and a
Big Dye Terminator Cycle sequencing kit (cat. no. 4303152) from PE Biosystems
according to the manufacturers’ instructions. Reactions were analyzed on an ABI
Prism 310 genetic analyzer (PE Applied Biosystems). The following primers were
used: (forward) 5�-CTTGGAGGAGGGTGCC-3� and (reverse) 5�-CTCGAGA
AGGAGACAGTC-3� for the variable heavy chain and (forward) 5�-TGGCGG
GAAGATGAAGAC-3� and (reverse) 5�-CACACAGGAAACAGCTATGA-3�
for the variable light chain. Sequences were aligned with Ig germ line genes by
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the ImMunoGeneTics database (http://imgt.cines.fr; Marie-Paule Lefranc, initi-
ator and coordinator, Montpellier, France).

Production, detection, and semiquantitation of Fab. E. coli cells infected with
phagemid harboring heavy and light chain genes were grown in LB medium
supplemented with 1% glucose, 50 	g/ml carbenicillin, and 12.5 	g/ml tetracy-
cline overnight. A new culture was started in LB medium with 50 	g/ml carben-
icillin and 12.5 	g/ml tetracycline. Isopropyl-
-D-thiogalactopyranoside was
added at an OD600 of approximately 0.5 to a concentration of 50 	M, and the
culture was grown overnight. Bacteria were spun down, and supernatants were
used for further study.

Detection and semiquantitation were carried out with a sandwich enzyme-
linked immunosorbent assay (ELISA) by use of a capture antibody (goat anti-
human Fab; Sigma I5260) and a detection antibody (goat anti-human Fab con-
jugated to alkaline phosphatase; Sigma A8542). For the present purposes,
dilutions of Fab-containing supernatants yielding the same level of reactivity
were assumed to contain the same amounts of Fab.

In order to obtain purified and concentrated Fab, we modified the pFab73H
vector harboring the antibody genes by cutting out the �pIII-coding gene with
the EagI restriction enzyme. This leads to the production of Fab molecules with
a six-His tag. Fab with a six-His tag was purified by chromatography with Ni-
nitrilotriacetic acid-coupled agarose (cat. no. 30210; QIAGEN) as described
previously (19).

Production of intact recombinant IgG1. Intact RAM1-IgG1, RAM2-IgG1,
RAM3-IgG1, and RAM1-IgG3 were produced in Chinese hamster ovary cells
(CHO) essentially as previously described (26). In brief, VH and V� genes were
amplified by PCR. Primers were designed to introduce restriction enzyme sites
making amplificates compatible with the vector system for eukaryotic expression
of intact IgG1 or IgG3 as previously described (26). CHO cells were transfected
with a mixture of two plasmids encoding each of the immunoglobulin chain
genes, and limiting dilution was used for isolation of good producers.

Protein was precipitated with 70% ammonium sulfate from cleared CHO
culture supernatant, and the pelleted protein was resuspended in water. Subse-
quently, the buffer was changed to 70 mM sodium acetate, pH 5.0, by dialysis.
Recombinant IgG was purified using DEAE Sepharose FF (Amersham Bio-
sciences), the flowthrough was applied to an ABx column (J. T. Baker, Phillips-
burg, NJ), the column was washed with 50 mM bicine, pH 8.5, and the IgG was
finally eluted with a gradient of 50 mM bicine supplemented with 0.5 M NaCl,
pH 8.5. Fractions containing Ab were pooled and precipitated with 70% ammo-
nium sulfate, resuspended in water, and purified on a Superdex 200 column
(Amersham Biosciences). Purity was checked by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) with silver staining, and protein
concentration was determined spectrophotometrically.

ELISA. ELISA plates (Maxisorb; NUNC 4-39454; Denmark) were coated with
200 ng per well of purified recombinant MSP-3194–257 in PBS, blocked with
PBS–1% BSA, and used for standard ELISA with undiluted supernatant or
supernatant diluted in PBS–1% BSA as previously described (14, 15). After a
washing step, goat anti-human Fab conjugated to alkaline phosphatase (Sigma
cat. no. A8542) was applied as a detection antibody. Finally, p-nitrophenyl
phosphate (Sigma phosphatase substrate tablets, cat. no. 104-105) was used as a
substrate. Color development was measured as the OD405 minus the OD490.

Similar experiments were performed using intact IgGs in ELISA wells coated
with the synthetic peptides MSP-3190–217, MSP-3211–237, MSP-3230–257, or MSP-
6182–192. In this ELISA goat anti-human IgG (Fc-specific) conjugated to alkaline
phosphatase (Sigma cat. no. A9544) was used as a secondary antibody.

All ELISAs were done in triplicates.
Competition studies. To wells coated with MSP-3194–257 and containing 50 	l

of a fixed quantity of Fab-�pIII was added 50 	l of various dilutions of compe-
tition antigen, MSP-3194–257. Coating of wells with MSP-3194–257 and detection of
bound antibody were carried out as above. RAM1, RAM2, or RAM3 Fab-�pIII
were used in amounts yielding OD405 minus OD490 values of approximately 1 in
ELISA on a coating of MSP-3194–257. The concentration of competition antigen
ranged from 2 nM to 200 mM. Each dilution of competition antigen was tested
in triplicate.

Using the same setup, dilutions of RAM3 Fab without �pIII were used to
compete the binding of RAM1, RAM2, and RAM3 Fab-�pIII. In this experi-
ment, bound Fab-�pIII was specifically detected with a mouse anti-pIII (cat. no.
PSKAN 3; MoBiTech, Germany) followed by an anti-mouse alkaline phos-
phatase conjugate (cat. no. D314; Dako, Denmark).

Immunofluorescence microscopy. Parasitized red blood cells enriched for late
developmental stage parasites were obtained by magnet-activated cell sorting of
an in vitro culture of P. falciparum clone 3D7 as previously described (45). Cells
were washed twice in PBS and sedimented on a Superfrost Plus slide (cat. no.
J1800AMNZ; Menzel GmbH & Co. KG), washed once in PBS, and fixed in 1%

formaldehyde (Sigma cat. no. F1635) in PBS for 10 min, followed by methanol
for 10 min. All handling was performed at room temperature. The slides were
blocked for 2 h with PBS–3% BSA, incubated with RAM1, RAM2, or RAM3
IgG1 overnight, washed three times in PBS–0.05% Tween 20, and subsequently
incubated with a goat anti-human Fc (cat. no. F9544; Sigma) at a 1/50 dilution in
PBS–3% BSA for 30 min. The slides were washed three times as described above
and incubated with an Alexa Fluor 488 chicken anti-goat IgG (Molecular Probes
cat. no. A21467) at a 1/100 dilution in PBS–3% BSA containing propidium
iodide (20 mg/liter) for 30 min. Slides were examined with a Zeiss LSM 510
confocal laser scanning microscope. To confirm the binding of RAM1-3 to the
late-stage parasites only, similar and other fixing methods have been used with
nonenriched parasite cultures including all blood cycle parasite stages.

Affinity studies by surface plasmon resonance. The affinities of the antibodies
were determined by surface plasmon resonance on a Biacore X instrument
(Biacore AB, Uppsala, Sweden). MSP-3194–257 in 50 mM NaAc, pH 5.5, was
immobilized on an EDC/NHS [N-ethyl-N�-(3-dimethyl aminopropyl)-carbodi-
imide hydrochloride/ (N-hydroxysuccinimide)]-activated CM5 sensor chip as de-
scribed by the manufacturer (Biacore AB), yielding a surface density of approx-
imately 50 resonance units. Purified Fab fragments were diluted in the
recommended HBS buffer (0.01 M HEPES, 0.15 M NaCl, 3.4 mM EDTA, 0.05%
surfactant P-20, pH 7.4; Biacore AB) and analyzed at 25°C using a flow rate of
10 	l per minute. Bound Fabs were dissociated using HBS buffer at a flow rate
of 10 	l per minute. Association and dissociation rate constants were calculated
from a minimum of four sensorgrams generated by the Biacore control software
using the curve-fitting BIAevaluation software, version 3.0 (Biacore AB) and the
1:1 Langmuir model.

Flow cytometry. P. falciparum culture enriched for late developmental stage
parasites by magnet-activated cell sorting as described previously (45) was per-
meabilized and fixed by incubation in 32% ethanol for 30 min on ice. Parasites
were then washed in PBS with 1% BSA, incubated overnight with Fab, washed
twice with PBS–1% BSA, and incubated for 30 min with FITC-conjugated goat
anti-human Fab (Sigma F5512) diluted 1:25. Cells were analyzed in a Coulter
EPICS-2 flow cytometer. HibCP-specific Fab was used as control in identical
concentrations. Fixed infected and fixed noninfected red cells were stained
with propidium iodide (20 mg/liter) and compared to enable gating of in-
fected red cells.

Immunoblotting. Parasitized red blood cells, at late trophozoite and schizont
stage, were obtained by magnet-activated cell sorting as previously described
(45). The purified cells containing late-stage parasites were solubilized on ice in
2% Triton X-100 by ultrasound four times for 15 s each time and incubated for
2 h on ice before being mixed with a reducing sample buffer, heated to 100°C for
10 min, and subjected to SDS-PAGE in a morpholinepropanesulfonic acid-
buffered 4 to 12% gradient gel (NOVEX, San Diego, CA). Proteins were trans-
ferred electrophoretically to a polyvinylidene difluoride membrane (Immobilon,
Millipore, Molsheim, France). Strips were incubated for 3 h with RAM1-IgG1,
RAM2-IgG1, RAM3-IgG1, or anti-HibCP-IgG1 as a negative control. Protein G
conjugated to alkaline phosphatase (cat no. 32391; Pierce Chemical Co., Rockford,
IL) was used as a detecting conjugate. Finally, CSPD [disodium 3-(4-methospiro
{1,2-dioxetane-3,2�-(5�-chloro)tricyclo[3.3.1.13,7]decan}-4-yl)phenylphosphate] (cat.
no. CD100R; Tropix Inc., Bedford, MA,) chemiluminescence substrate was added,
and light emission was detected with an Alpha Innotech FluorChem 8000 system
(San Leandro, CA).

Parasite culture for ADCI. The P. falciparum 3D7 clone derived from the
NF54 strain, the NF54 strain, and the Uganda Palo Alto strain were cultured in
AB�Rh� erythrocytes in RPMI 1640 medium supplemented with hypoxanthine,
0.5% albumax (Gibco, Invitrogen Corporation, Carlsbad, CA), sodium bicarbon-
ate, HEPES, penicillin, and streptomycin. Parasites were synchronized by alter-
nate sorbitol treatment and plasmagel flotation, and mature parasites were used
in the ADCI assay.

ADCI assay. The ADCI assay was done essentially as described using previ-
ously published techniques (2, 20). A synchronized P. falciparum culture con-
taining mature schizonts adjusted to 0.5% parasitemia with a final hematocrit of
2% in RPMI medium was added to wells containing a suspension of 2 � 105

monocytes. In addition to test Ab, the following controls were used simulta-
neously in each plate: (i) parasite culture without monocytes, (ii) culture with
monocytes, (iii) culture with NIG, (iv) culture with monocytes and NIG, (v)
culture with PIAG, (vi) culture with monocytes and PIAG, (vii) culture with
anti-RhD-IgG1, (viii) culture with monocytes and anti-RhD-IgG1, (ix) culture
with anti-RhD-IgG3, and (x) culture with monocytes and anti-RhD-IgG3. At
48 h and 72 h an additional 50 	l of RPMI medium containing 0.5% albumax,
penicillin, and streptomycin was added to each well. At the end of the assay (96
h), the parasitemia in each well was determined, both by counting more than
50,000 erythrocytes on Giemsa-stained film under the microscope and by flow
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cytometry analysis after staining with hydroethidine. Determination of para-
sitemia by flow cytometry with a FACSCalibur (Becton-Dickinson, San Jose,
CA) was done as previously reported (50). The CellQuest program (Becton-
Dickinson) was used to determine the percentage of parasitemia. Flow cytometry
and microscopy gave similar results.

The specific growth inhibition index (SGI) was calculated as 100 � {1 � [(%
parasitemia with monocytes and test Ab/% parasitemia with test Ab)/(% para-
sitemia with monocytes and NIG/% parasitemia with NIG)]}.

Nucleotide accession numbers. DNA sequences for all of the antibodies have
been submitted to the GenBank database with the following accession numbers:
AY543586 (RAM1 VH), AY543587 (RAM1 VL), AY882577 (RAM2 VH),
AY882578 (RAM2 VL), AY882579 (RAM3 VH), and AY882580 (RAM3
VL) (15a).

RESULTS

Library. The library contained 5 � 107 heavy chains, 1 � 108

kappa light chains, and 1 � 108 lambda light chains. Investi-
gation of VH genes from 66 clones by PCR and BstNI digestion
demonstrated no identical digestion patterns (data not shown),
which suggests acceptable diversity.

Selection of antigen binding Fabs. To obtain specific and
preferably high-affinity antibodies, an antigen-reducing pan-
ning strategy was used. The phage stock produced from the
first panning eluate was used in three separate panning series
(series a to c). Each series had its own reduction factor for the
number of beads used in subsequent pannings. The three dif-
ferent factors (5, 10, and 20) of antigen reduction were em-
ployed to cover the range of antigen reduction likely to be
productive (21). The eluate from the third and fourth panning
steps of each series was screened for the presence of Fab
producers and antigen binders in ELISA. After the third pan-
ning there were no Fab producers among the 93 colonies
screened (31 from each series). After the fourth panning, the
eluate from the series employing the highest antigen reduction
factor (20) was nonproductive, whereas reduction factors of 5
and 10 resulted in nine and eight binders, respectively (Table
1). Seven clones in each of these two series were identical and
designated RAM1 (recombinant anti-MSP-3 no. 1). A reduc-
tion factor of 5 yielded two identical clones designated RAM2,
and one clone designated RAM3 was recovered from the series
with reduction factor 10. Antigen binding Fabs were analyzed
by DNA sequencing of the genes encoding the VL and VH

regions. Three distinct sets of antibody genes were found, of
which all light chains were kappa light chains.

To verify the origin of the Ab genes and to estimate the
amount of somatic mutation, the amino acid sequence homol-
ogy with human germ line V genes was determined by align-
ment using the ImMunoGeneTics database. RAM1 had amino

acid substitutions at 10 out of 113 (8.8%) positions in the VH

region and 8 out of 107 (7.5%) in the VL region. RAM3 had
5/121 (4.1%) and 7/103 (6.8%) in the VH and VL regions,
respectively. In addition the heavy chain of RAM1 did not
contain any D gene-derived sequence, leading to a short heavy
chain CDR 3 region. In contrast, the RAM2 clone showed
lower resemblance with published human germ line V genes,
22/119 (18%) and 23/107 (21%) for VH and VL, respectively.

Competition ELISA. Competition of Fab-�pIII reactivity
with the coating antigen MSP-3194–257 was done with soluble
MSP-3194–257 in an ELISA. Reactivity of all three clones could
be competed with soluble protein, thus confirming that the
clones reacted with MSP-3194–257 in solution and not with a
plastic or denaturation-dependent conformation (Fig. 1A).

Furthermore, we competed the three clones with RAM3
Fab. All three clones could be competed from binding to the
panning antigen, thus demonstrating an overlap of the epitopes
targeted or alternatively steric hindrance (Fig. 1B).

Affinity determination of Fabs by Biacore. The Biacore re-
sults confirmed the binding of Fabs to the MSP-3194–257 anti-
gen. The on and off rates of the three Fabs were determined by
the curve fitting BIAevaluation software, version 3.0. On this
basis the affinity constant (KD) of the three clones was esti-
mated to be approximately 35, 20, and 46 nM for RAM1,
RAM2, and RAM3, respectively. Despite the similarities in
affinity, RAM1 had faster kinetics than RAM2 and RAM3.
RAM1 had a higher on rate (kon � 1.5 � 105 M�1s�1) than
RAM2 and RAM3 (kon � 3.3 � 104 M�1s�1 and 2.1 � 104

M�1s�1, respectively). Also, RAM1 had a higher off rate
(koff � 5.2 � 10�3 s�1) compared to the off rates of RAM2 and
RAM3 (koff � 6.6 � 10�4 s�1 and 9.6 � 10�4 s�1, respec-
tively).

Immunofluorescence microscopy. Specificity for the parasite
was demonstrated by immunofluorescence and confocal mi-
croscopy (Fig. 2). By fixing 3D7 parasites to microscope slides
by formaldehyde and methanol treatment, we were able to
specifically detect red blood cells containing parasites, as dem-
onstrated by propidium iodide staining of DNA. Staining with
RAM1, RAM2, or RAM3 IgG using an anti-human-Fc fluo-

FIG. 1. Competition studies. (A) Fab-�pIII proteins from the
three clones were competed with soluble panning antigen in ELISA.
All three clones were susceptible to competition with soluble MSP-
3194–257. (B) Fab-�pIII proteins from the three clones were competed
with RAM3 Fab fragments without �pIII. Fab-�pIII was specifically
detected with a mouse anti-pIII (MoBiTech, Germany). The ability of
RAM3 to compete all three clones demonstrates that the epitopes of
the clones are closely related. ■ , RAM1; F, RAM2; and Œ, RAM3.

TABLE 1. Colony screening results

Panning
no. and
series

Bead
reduction

factor

No. of
clones
tested

Fab
producers

MSP-3194–257
binders

Clones
(no.)

4.a 20 118 2 0
4.b 10 132 9 8 RAM1 (7)

RAM3 (1)
4.c 5 126 12 9 RAM1 (7)

RAM2 (2)

Total 376 23 17
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rescein isothiocyanate (FITC) conjugate revealed that red
blood cells containing parasites were recognized by the cloned
antibodies (Fig. 2); extensive studies have shown no reaction
with an isotype control using the same labeling technique (data
not shown). Furthermore the RAM1, RAM2, or RAM3 re-
acted only with late stages of the parasite cycle (schizont)
showing “grape-like” structures indicative of merozoite sur-
face labeling and free merozoites (Fig. 2). In numerous
immunofluorescence microscopy assays, using several fixing
methods and unpurified malaria cultures, early stages (ring
and trophozoite) did not react with the Ab (data not shown).
These findings are in accordance with previous findings lo-
cating MSP-3 to the late schizont stage and the merozoite
surface (22, 27).

Flow cytometry. The specificity was further tested by flow
cytometry. P. falciparum cultures were enriched for late stages
and permeabilized with 32% ethanol. Propidium iodide-
stained schizont-infected red cells were analyzed with a flow
cytometer to enable identification of and gating on schizonts
(Fig. 3). Schizont-enriched cells were incubated with Fab, and
binding was subsequently detected with an anti-Fab FITC-
conjugate. The mean channel fluorescence (MCF) of cells in-
cubated with Fab was used as a measure of the reactivity of
each antibody. The control anti-HibCP Fab gave an MCF of
3.5, whereas RAM1 and RAM2 gave MCF values of 19.6 and
9.5, respectively. In contrast, the RAM3 Fab (MCF of 3.2) did
not react significantly with the parasite preparation used in this
assay (Fig. 3).

Western blotting. The molecular masses of reduced antigen
were approximately 48 and 50 kDa in immunoblotting reac-
tions with RAM1 and 62 kDa in reactions with RAM2 and
RAM3 (Fig. 4). The 48- to 50- and 62-kDa bands are in agree-
ment with molecular sizes previously published for MSP-3 (22,
27, 30). In addition, the RAM2 and RAM3 antibodies seemed
to react with bands at lower molecular sizes: RAM2 with an

approximately 14-kDa band and RAM3 apparently with a
smear of bands in the same size as well as band sizes at about
35 kDa. These bands have not been seen with isotype controls
(data not shown).

Epitope mapping. The three clones were examined by
ELISA for reactivity with three peptides representing the N-
terminal, the middle, and the C-terminal parts of the panning
antigen. MSP-3 190–217 corresponds to the entire N-terminal
helix region 3 with four heptad repeat units (22, 24). MSP-
3211–237 includes one heptad repeat unit, and MSP-3230–257

consists of the non-heptad repeat C-terminal part of the panning
antigen. Additionally, the three clones were tested for reactivity
with an MSP-6-derived 11-mer peptide, MSP-6182–192. The MSP-
6182–192 peptide is identical to the middle part of the MSP-3211–237

peptide (MSP-3220–230) with the exception of a valine-to-alanine
substitution at position 191 (49). ELISA results are depicted in
Fig. 5. RAM1 reacted strongly with MSP-3211–237 and did not
react with MSP-M3190–217, MSP-3230–257, or MSP-6182–192 in

FIG. 2. Immunofluorescence microscopy. P. falciparum 3D7 para-
sites were fixed on slides. Individual slides were stained with RAM1,
RAM2, or RAM3 IgG1 conjugated with FITC (column 1, green) and
with propidium iodide (column 2, red). Column 4 shows the DNA and
RAM reactivity added on a white-light photo (column 3) of the same
cells. RAM1, RAM2, and RAM3 reacted with late-stage and burst
(RAM2) schizont. Bar, 1 	m.

FIG. 3. Flow cytometry analyses of the reactivity of recombinant
antibodies with schizonts. (A) Forward and side scatter for ethanol-
fixed and permeabilized infected red blood cells (frame 1) and the
same parameters for similarly treated noninfected red blood cells
(frame 2). The gating was placed to include the majority of the infected
cells. The gating was used for the histograms described below. Panel B
illustrates histograms of various recombinant antimalaria antibodies
compared with the control antibody directed against HibCP antigen
(gray area). The anti-HibCP control Fab has an MCF of 3.5. RAM1,
RAM2, and RAM3 have MCF values of 19.6, 9.5, and 3.2, respectively.
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ELISA. In contrast RAM2 reacted predominantly with the
MSP-3211–237 and its MSP-6182–192 homolog; however, there
was some cross-reactivity with the other two peptides tested
(four times above background levels). RAM3 reacted sig-
nificantly with only the MSP-3211–237 and MSP-6182–192 pep-
tides.

Characterization of antiparasitic properties. Based on the
resemblance of the reactivity pattern of the RAM1 antibodies
with the antiparasitic antibodies of immune individuals, we
chose to assay the ability of RAM1-IgG1 and RAM1-IgG3 to
inhibit the growth of P. falciparum parasites (1, 13). ADCI
assays using the 3D7 clone derived from the NF54 strain, the
NF54 strain itself, or the Uganda Palo Alto strain all showed a
potent monocyte-dependent antiparasitic effect mediated by
recombinant RAM1 of IgG1 and IgG3 subclasses. Results ob-
tained with 3D7 are presented in Fig. 6. The SGI obtained with
our monoclonal Ab was as high as that obtained with poly-
clonal African IgG, which has been shown to be clinically
effective in passive transfer to humans (33). As was the case

with total African adult IgG, no direct inhibition of parasite
growth was observed when monocytes were omitted (data not
shown). All observations previously made with natural human
plasma-derived polyclonal Abs were thus reproduced with
RAM1-IgG1 and RAM1-IgG3. However, the SGI exerted by
RAM1-IgG1 and RAM1-IgG3 in ADCI was reached at con-
centrations of less than 1%—as estimated by protein concen-
tration—of the needed concentration of polyclonal Abs in the
pooled immune African IgG. The SGI obtained in ADCI with
plasma-derived affinity-purified anti-MSP-3217–237 was of the
same magnitude as that obtained with RAM1-IgG3.

The antiparasitic potency of RAM1-IgG1 and RAM1-IgG3
was compared in ADCI assays over a range of 10-fold Ab
concentrations from 0.4 to 40 	g per ml. There was a clear
dose-dependent effect, and the SGI induced by IgG3 was con-
sistently 1.6 times greater than the inhibition induced by IgG1
(Fig. 6). Even at the lowest concentration of RAM1-IgG1 and
RAM1-IgG3 (0.4 	g per ml), the SGI was higher than for the
corresponding controls, 110 	g per ml anti-RhD-IgG1 and 10
	g per ml anti-RhD-IgG3.

DISCUSSION

We report the cloning of three distinct human recombinant
antibodies against the P. falciparum antigen MSP-3. The ob-
jective of the study was to explore the antibody response
against MSP-3 on a molecular level and to obtain highly de-
fined antibodies for functional analysis. The phagemid library
used in this study harbored cDNA-derived genes encoding
Fab. The genes were obtained from peripheral blood leuko-

FIG. 4. Immunoblot of RAM1-IgG1, RAM2-IgG1, and RAM3-
IgG1 on P. falciparum material. RAM1-IgG1 reacted with two bands at
48 and 50 kDa; RAM2-IgG1 and RAM3-IgG1 reacted mainly with a
band of approximately 62 kDa.

FIG. 5. ELISA reactivity of RAM1-IgG1, RAM2-IgG1, and
RAM3-IgG1 with peptides. The RAM1, RAM2, and RAM3 clones
had different reaction patterns on peptides derived from MSP-3 and
MSP-6. Concentrations of the various antibodies were determined by
spectrophotometry, and comparable amounts of RAM1 and RAM2
were used. The concentration of RAM3 used was 10 times higher.
Reactivity is indicated as the OD405 minus the OD490. Bars indicate
mean values, and error bars indicate two standard deviations of results
obtained in triplicates. aa, amino acids.
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cytes of African adults clinically immune to malaria and there-
fore potentially include genes encoding protective antibody
specificities. The genes isolated in this study are thus encoding
human antibodies directed against the native protein and are
produced as part of an antiparasitic response during natural
infection.

Roeffen et al. (32) and Sowa et al. (44) have previously
published the isolation by phage display of human recombinant
ScFv fragments against the gametocyte stage antigen Pfs48/45
and a variant of PfMSP-1, respectively. The ScFv libraries used
in those studies were made from the peripheral blood lympho-
cytes of patients with acute malaria, i.e., not from individuals
with immunity to malaria, as in the present study. Previous
attempts to produce human anti-MSP-3 antibodies using Hu-
SPL-SCID mice have not been successful in obtaining stable
production of such antibodies (3).

Our panning procedure was designed to enable isolation
preferentially of high-affinity binders by gradually reducing the
amount of antigen used in subsequent rounds of panning. The
panning strategy was established through preliminary optimi-
zations and was inspired by previously published theoretical
work (21). The basic notion was that good binders are present
in very low frequency in the initial stock. To recover a mini-

mum number of rare binders, a high initial concentration of
antigen is needed to ensure Fab-antigen interaction. In subse-
quent rounds of panning, binders are assumed to be present
with increasing frequency. Accordingly, the amount of antigen
should be reduced for each panning, thereby ensuring compe-
tition between binders and consequently avoiding the survival
of mediocre binders. Antigen concentration was decreased by
reducing the number of antigen-coated magnetic beads. This
procedure concomitantly reduced the matrix area for each
panning, thus reducing transfer of deletion mutants by non-
specific adherence to matrix. During the panning procedure
deletion mutants are believed to have a selective advantage
due to a shorter replication time, and, if transferred through
the washing steps, they will dominate the eluate (36). Our
results indicate that deletion mutants, which are not being
strained by Fab production, have a tendency to overgrow the
phage population if there is not a strong selective advantage of
Fab production during the panning procedures (Table 1). Our
strategy of reducing the panning matrix area and the amount of
antigen successfully introduced an advantage to the antigen-
binding clones.

Surface plasmon resonance measurements showed that all
three antibodies had affinities (KD) in the nanomolar range.
Previous work on an invasion-inhibiting anti-circumsporozoite
antibody has reported a KD of approximately 300 nM (kon,
�4 � 103; koff, �1.2 � 10�3) (51), and HIV neutralizing an-
tibodies have been shown to have a KD of 4.6 nM (kon, �8.4 �
104; koff, �3.9 � 10�4) (8), showing that the RAM antibodies
described here indeed have affinities within a biologically rel-
evant range. RAM1 had the fastest kinetics of the three; i.e.,
RAM1 was rapidly binding to the antigen and was also re-
leased from the antigen more quickly than the other two
clones. The overrepresentation of RAM1 could point to either
the on rate as being an important factor for selection in this
specific panning procedure or the possibility that the produc-
tivity and subsequent display of Fabs by this clone were supe-
rior. The fact that RAM1 has been isolated from two parallel
panning series indicates that this clone was either one in a few
with the properties necessary to be selected in this particular
setup or that it was overrepresented in the initial donor-de-
rived mRNA and thereby in the constructed library. Antigen-
coated magnetic beads of 2.8 	m were chosen due to practical
considerations, but in fact they closely mimicked the natural
presentation of MSP-3 on the merozoite surface. The fast
reaction kinetics of RAM1 could be the optimal kinetics for a
fast interaction of the immune system with the released mero-
zoite being accessible for only a few minutes.

Sequencing of the three clones and the alignment studies
showed that the antibodies isolated in this study contain vari-
able regions of human origin and that for at least RAM1 and
RAM3 little somatic hypermutation has taken place. In addi-
tion, it revealed that RAM2 was unusual compared to known
humane germ line genes. We cannot at this time sort out
whether the sequence differences found represent somatic mu-
tation, undescribed germ line genes present in African popu-
lations, or artifacts introduced during library construction.

The flow cytometry technique used in this study is novel in
the context of malaria parasites. Untreated late-stage parasite
culture did not react with the antibodies, probably due to lack
of access to the parasite residing inside the schizonts. Flow

FIG. 6. SGI of IgG1 and IgG3 versions of RAM1 determined in
ADCI. Recombinant human anti-RhD-IgG1 and anti-RhD-IgG3 were
used as negative controls and tested, respectively, at 110 	g/ml and 10
	g/ml. Pooled IgG from immune Africans (PIAG) (2 mg/ml) and
polyclonal affinity-purified anti-MSP-3211–237 Ab were used as positive
controls. RAM1 IgG1 and IgG3 were tested in ADCI at three different
concentrations (0.4 	g/ml, 4 	g/ml, and 40 	g/ml). SGI was calculated
as the mean of three independent assays using the P. falciparum clone
3D7. Error bars represent two standard deviations.
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cytometry was therefore done with ethanol-permeabilized
and fixated schizont-infected red cells. RAM1 and RAM2
demonstrated specific binding to this parasite preparation.
In contrast, no reactivity of RAM3 was detectable. One
reason for the lack of binding of RAM3 could be that its
epitope is not conserved after the fixation and permeabili-
zation procedure used.

The three clones had different patterns of reactivity with
MSP-3 peptides in Western blotting and in flow cytometry,
despite the fact that they were all selected on the same panning
antigen, MSP-3194–257. Differences in SDS-PAGE mobility of
MSP-3 full-length recombinants have been assigned to major
conformational differences including complex tertiary struc-
tures (18). Recent work on the conformation and polymeriza-
tion of MSP-3 molecules has suggested an elongated form of
the molecule and the generation of intramolecular cross-link-
ing, making the molecules more compact and faster migrating
on SDS-PAGE gels (5). Such intramolecular cross-linking
could be the basis for the diverse mobilities of MSP-3 in gels.
In an initial work on MSP-3, McColl et al. suggested that the
MSP-3 antigen present on the merozoite surface (44 kDa) is
the result of proteolytic processing of a larger MSP-3 precursor
(62 kDa) (22), an observation recently confirmed and specified
by Pearce et al. The latter study also confirmed the presence of
a low-abundance band of 52 kDa (30). The 44-kDa band seen
by McColl et al. corresponds most likely to the low-molecular-
weight band (48 kDa) seen in our study with RAM1. The
reactivity of RAM2 and RAM3 with a band of approximately
62 kDa, though not with the 48-kDa band, could indicate the
existence of epitopes in the precursor protein that are acces-
sible for only RAM2 and 3 but not for RAM1. In contrast,
RAM1 may react with only MSP-3, having made the suggested
intramolecular cross-linking (Fig. 4). This explanation fits well
with the observation that only RAM 2 and RAM3 react with
the probably linear, short MSP-6182–192 peptide (Fig. 5). The
apparent binding of both RAM2 and RAM3 with bands of
lower molecular masses cannot be explained from known data
of the MSP-3 antigen. These molecules could be proteolytic
degradation products derived from either MSP-3 or MSP-6, in
accordance with the fact that these antibodies react with the
MSP-6182–192 peptide (Fig. 5) or other MSP-3 homologs, i.e.,
H101 and H103 (31).

The competitive effect of RAM3 on both RAM1 and RAM2
(Fig. 1), in spite of the different peptide reactivity (Fig. 5),
illustrated the overlapping nature of the epitopes, as expected
with a 62-amino-acid fragment used for the panning proce-
dure. The reaction patterns obtained in this study are unex-
pectedly diverse, given the monoclonal nature of the antibod-
ies, and need further elucidation. Recent functional studies of
affinity-purified anti-MSP-3 antibodies have confirmed the im-
portance of fine specificity to MSP-3 (39). The complex con-
formation of this antigen could therefore pose a challenge in
terms of raising an immune response leading to protective
antibodies in terms of fine specificities and isotypes, as recently
seen in MSP-3 vaccine studies (1, 13).

In order to assess the functional properties of the RAM1
antibody, the variable chain genes isolated were recombined
with the allotypes of the most prevalent constant region genes
found in African populations. The C1 allotype, G1m(a,z),
with a frequency close to 100% in Africa (11), and the most

prevalent African C3 allotype, G3m(b), were chosen to study
the functional properties of the two cytophilic subclasses IgG1
and IgG3. The haplotype G1m(a,z);G3m(b) is found in 68% of
Nigerians (11).

Results from the ADCI assay showed that the IgG3 version
of RAM1 induced 1.6 times stronger inhibition than the IgG1
version over a broad range of concentrations (Fig. 6). This
finding is in accordance with previously reported sero-epide-
miological studies linking clinical immunity with specific IgG3
responses against several different target antigens: MSP-3,
GLURP R0 and R2 (28, 42, 48), MSP-2 (46), and MSP-1 Block
2 (6). However, in other settings, IgG1 was found to be asso-
ciated with protection: a high IgG1-to-IgG3 ratio in Kenyan
children is associated with inhibitions in ADCI (38) and a
sero-epidemiological study also from Kenya demonstrated as-
sociation of protection from severe malaria with possession of
elevated schizont-specific IgG1 levels relative to IgG2 and
IgG4 levels (25). The diverging associations are explained by the
fact that Ab is biologically active in cooperation with monocytes.
The merozoite-Ab complex interacts with FcRIIA on the mono-
cyte and induces release of antiparasitic substances (4). FcRIIA
is polymorphic, and distinct functional phenotypes are associated
with the various alleles. In one study (47), serum with dominance
of IgG3 induced the highest phagocytosis with cells of the geno-
type FcRIIA-Arg/Arg131, whereas serum with dominance of
IgG1 induced the highest phagocytosis with cells of the genotype
FcRIIA-His/His131. In Kenya, possession of the genotype
FcRIIA-Arg/Arg131 per se is associated with protection from
high-density infection (37).

Only the addition of monocytes in ADCI initiated the anti-
parasitic action, thus substantiating previous reports stating
that the effect of anti-MSP-3 is elicited in cooperation with
monocytes (4, 2).

In conclusion, the present study takes another step to “close
the circle” from the transfer of antibody-based immunity in the
clinic, defining the functional properties associated with the
effect, isolating an involved antigen (MSP-3), and finally to
constructing defined recombinant antibodies with functional
properties comparable to those of the antibodies initially found
in malaria-immune individuals. The definitive step would be
the validation of the antiparasitic effect in a clinical setting.
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