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A combinatorial immunoglobulin gene library was constructed from peripheral blood lymphocytes of eight
patients infected with Plasmodium falciparum and was screened for the production of human monoclonal
antibody Fab fragments to the C-terminal 19-kDa fragment of P. falciparum merozoite surface protein 1
(MSP-1,,). Three Fab clones recognized recombinant MSP-1,, under nonreducing conditions. Indirect im-
munofluorescence microscopy demonstrated that three Fab clones stained the surfaces of late trophozoites/
schizonts and merozoites of the FCR3 and 3D7 strains, suggesting the Fabs’ reactivities to a conserved epitope.
Sequence analysis of the heavy-chain genes revealed that the closest germ line V segments were VH1-8 and
VH7-81, with 91% to 98% homology. The closest germ line D segment was D3-10, and the closest germ line J
segment was JH4 or JHS, with 90% to 97% homology. In the light-chain genes, the closest germ line V segment
was A27 for the Jk2, Jk4, and Jk5 segments. The dissociation constants of these Fab fragments for recombi-
nant MSP-1,, ranged from 1.09 X 10~° to 2.66 X 10~° M. The binding of the three Fab fragments to MSP-1,,
was competitively inhibited by the anti-MSP-1,, mouse monoclonal antibody 12.8, which inhibits erythrocyte
invasion by merozoites. However, the human Fab fragment with the highest affinity did not inhibit in vitro
growth of P. falciparum. This is the first report of gene analysis and bacterial expression of human monoclonal
antibodies to P. falciparum MSP-1,,. The combinatorial immunoglobulin gene library derived from malaria

patients provides a potential tool for producing high-affinity human antibodies specific for P. falciparum.

Malaria caused by Plasmodium falciparum is a major public
health problem in tropical countries, where it is responsible for
300 to 500 million cases and more than 1 million deaths an-
nually (36). The development of malaria vaccines is urgently
needed for improved malaria control. Proteins expressed on
the surface of the merozoite, an invasive form of the parasite,
seem to be important targets of host immunity and therefore
could be potential candidates for the development of malaria
vaccines. The P. falciparum major merozoite surface protein 1
(MSP-1) is a leading vaccine candidate antigen (21). Antibod-
ies against MSP-1 are protective against human, monkey, and
rodent malaria parasites, and immunization with MSP-1 af-
fords antiparasite protection in experimental animals (7, 8, 30,
35). MSP-1 is synthesized as a 195-kDa precursor on the sur-
faces of late trophozoites/schizonts, and it is proteolytically
processed to form four fragments, of 83 kDa, 30 kDa, 38 kDa,
and 42 kDa, during merozoite maturation (14). The C-terminal
42-kDa fragment is further cleaved into N-terminal 33-kDa
and C-terminal 19-kDa fragments (MSP-1,,) (3). All of the
fragments, except for MSP-1,,, are shed from the merozoite
surface upon erythrocyte invasion. MSP-1,,, which contains
two epidermal growth factor-like modules, is anchored to the
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surface via a glycosylphosphatidylinositol moiety (13, 14). Al-
though the P. falciparum MSP-1 gene (mspl) is highly poly-
morphic, the msp! region coding for MSP-1,, is well conserved
among parasite isolates. There is accumulating evidence sug-
gesting that sera from individuals living in areas where malaria
is highly endemic contain antibodies against the 19-kDa frag-
ment that inhibit merozoite invasion into red blood cells (9, 24,
25, 31).

P. falciparum occasionally causes severe malaria in children
and individuals who have less immunity to the parasite. The
efficacy of antimalarial drugs is becoming limited due to the
high prevalence of multidrug resistance of the parasite. There-
fore, new therapeutic measures are needed to treat severe
malaria cases. In this context, passive immunotherapy using
human antibodies specific to MSP-1,, may provide a valuable
therapeutic alternative. Indeed, mouse monoclonal antibodies
to MSP-1,, inhibit in vitro growth of P. falciparum (3, 5).
Mouse monoclonal antibodies are unsuitable for use in hu-
mans; therefore, an immunotherapy method that can be used
in humans must be developed. However, little is known about
the molecular basis of acquired humoral immunity to MSP-1,,
in malaria-immune individuals.

Several methods have been developed to produce human
monoclonal antibodies (1, 2, 11, 44). We have reported that the
bacterial expression system is useful for the preparation of
human Fab fragments specific to pathogens (6, 17, 39-42). In
the present study, we use a combinatorial immunoglobulin
gene library derived from lymphocytes of patients with falcip-
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arum malaria to produce human monoclonal antibody Fab
fragments that specifically react to P. falciparum MSP-1,,. Ad-
ditionally, we analyze immunoglobulin gene usage in these Fab
fragments.

MATERIALS AND METHODS

Cultivation of P. falciparum. Asexual blood-stage parasites of P. falciparum
(strains FCR3 and 3D7) were maintained at 37°C in RPMI 1640 medium sup-
plemented with 10% human type O serum (45). Cultures were gassed with 5%
CO,, 5% O,, and 90% N, and maintained by routine passage in fresh human
type O erythrocytes. Parasites were synchronized by Percoll and sorbitol treat-
ment (46).

Preparation of recombinant MSP-1,,. Genomic DNA of P. falciparum (strain
FCR3) was isolated from schizonts by using a DNeasy tissue kit (QIAGEN,
Hilden, Germany). The DNA was used as a template for amplification of the
mspl region coding for MSP-1,, (nucleotide positions 4819 to 53 downstream of
the 3’ noncoding region; positions are given according to the 3D7 msp1 sequence
[GenBank accession no. Z35327]) with the following primers: forward, 5'-CCC
ATATGAACATTTCACAACACCAATGCGT-3'; and reverse, 5'-CCCTCGA
GTTAGTTAGAGGAACTGCAGAAAATA-3'. To obtain high-fidelity ampli-
fication, Pyrobest DNA polymerase (Takara, Otsu, Japan) was used. Twenty
cycles of PCR were performed as follows: denaturation at 94°C for 15 s (135 s
in cycle 1), annealing at 55°C for 30 s, and polymerization at 72°C for 60 s (360
s in cycle 20). The PCR product was digested with Ndel and Xhol, purified, and
then ligated with the pET19b vector (Novagen, Madison, WI). The plasmid was
introduced into competent Escherichia coli JM109 cells, and then a clone con-
taining the insert with the right sequence was selected. E. coli BL21 Star
(DE3)pLysS cells (Invitrogen, Carlsbad, CA) were transformed with the cloned
plasmid. The bacterial clone was cultured in 800 ml of Luria broth containing
ampicillin and chloramphenicol until an optical density at 600 nm of 0.6 was
achieved. The expression of recombinant MSP-1,, tagged with histidine residues
was induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at 37°C for
3 h. The protein was purified by affinity chromatography, using His-Bind resin
(Novagen) according to the manufacturer’s recommendations.

Construction of immunoglobulin gene library. Approximately 10 ml of pe-
ripheral blood was obtained from each of eight hospitalized patients with falcip-
arum malaria (six Japanese and two Africans) at Tokai University Hospital,
Tokyo Metropolitan Komagome Hospital, and Tokyo Metropolitan Bokutoh
General Hospital (Japan). Lymphocytes were separated from the blood by
Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient centrifugation.
Construction of an immunoglobulin gene library from the lymphocytes was
performed as previously described (39). Briefly, total RNA was purified from
lymphocytes and subjected to reverse transcription-PCR. Genes encoding the
light (x and \) chain and the Fd region of the heavy (y and p) chain were
amplified by 30 cycles of PCR. The light-chain genes were first ligated with an
expression vector, pFab-His2, and introduced into Escherichia coli JM109 cells.
The vector with inserts was then ligated with the Fd heavy-chain genes and
introduced into E. coli cells.

Screening of clones producing anti-P. falciparum antibodies. The first screen-
ing of positive clones producing anti-P. falciparum MSP-1,, antibodies was per-
formed as described previously (6). Approximately 5 X 10° E. coli colonies per
90-mm plate were grown on Luria broth agar containing 50 pwg/ml of ampicillin.
Bacterial colonies were transferred to nitrocellulose filters. The filters were
replaced on the surfaces of fresh plates containing 1 mM IPTG and then incu-
bated at 30°C for 6 h. The filters were treated with chloroform vapor and lysis
buffer containing 100 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1.5%
bovine serum albumin, 1 pg of DNase per ml, and 40 pg of lysozyme per ml
overnight. After being washed with phosphate-buffered saline containing 0.05%
Tween 20 (PBST), the filter was blocked with PBST containing 5% skim milk.
Each filter was incubated with 125 pg of recombinant MSP-1,4 and then with
plasma from a patient. Positive signals on the filters were detected with a
horseradish peroxidase (HRP)-conjugated goat antibody to human whole immu-
noglobulin G (IgG; ICN Pharmaceuticals, Aurora, OH) and a Konica HRP-1000
immunostaining kit. Positive clones were identified in the original plates and
then cultured in 10 ml of super broth (30 g tryptone, 20 g yeast extract, and 10 g
4-morpholinepropanesulfonic acid per liter, pH 7.0) containing ampicillin to an
optical density at 600 nm of 0.8. IPTG was added to the bacterial culture at a final
concentration of 100 wM, and the culture was then incubated overnight at 30°C
for 12 h. Bacteria were pelleted by centrifugation, resuspended in 0.5 ml of PBS
containing 1 mM phenylmethylsulfonyl fluoride, and then sonicated. The lysates
were centrifuged at 10,000 X g for 10 min, and supernatants were subjected to a
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second screening by an enzyme-linked immunosorbent assay (ELISA). CP2.9
(26), which is a chimera of MSP-1,4 and domain III of apical membrane antigen
1, was also used for screening. This antigen was kindly provided by W.-Q. Pan,
Second Military Medical University, Shanghai, China.

ELISA. Each ELISA well was treated with recombinant MSP-1,4 or CP2.9 (50
ng/well) diluted in 50 mM sodium bicarbonate buffer. The plates were washed
with PBST and then treated with PBS containing 1% skim milk for 1 h. One
hundred microliters of the supernatant was added to the wells and incubated for
1 h at room temperature. After being washed, the wells were incubated with 100
wl of HRP-conjugated goat antibody to human IgG Fab (ICN Pharmaceuticals)
for 1 h at room temperature and then treated with 200 pl of substrate (0.04%
o-phenylenediamine in citric acid-phosphate buffer [pH 5.0] including 0.001%
hydrogen peroxide). The reaction was stopped by the addition of 50 pl 2.5 N
H,S0, after 30 min, and the optical density at 490 nm was determined.

Immunofluorescence microscopy. Indirect immunofluorescence staining was
performed with paraformaldehyde-fixed parasites (29) by using fluorescein iso-
thiocyanate-conjugated goat IgG to human IgG Fab (ICN Pharmaceuticals) as
the secondary antibody. Propidium iodine was used for counterstaining.

Purification of Fab fragments. Positive clones were cultured in 1 liter of super
broth medium, and 20 ml of the resultant supernatant was prepared as described
above. Fab fragments were purified with Talon metal-affinity resin (BD Bio-
sciences, Palo Alto, CA) according to the manufacturer’s instructions.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immuno-
blotting. Purified Fab fragments and P. falciparum schizonts (strain FCR3) were
solubilized and electrophoresed in 10% acrylamide gels containing sodium do-
decyl sulfate (SDS) under reducing and nonreducing conditions, respectively.
Protein bands were then transferred to polyvinylidene difluoride membranes.
The Fab fragments were detected by an HRP-conjugated goat antibody to the
human kappa chain and with HRP-conjugated Ni-nitrilotriacetic acid as previ-
ously described (6). Proteins from P. falciparum were incubated with 10 pg of
purified human Fab fragments and a 1:200 dilution of patient plasma for 1 h and
then detected by HRP-conjugated goat antibodies to human IgG Fab and human
whole IgG for 1 h. Development was performed with a Konica immunostaining
kit. Normal human Fab (OEM Concepts, Toms River, NJ) and normal human
sera were used as negative controls.

Measurement of affinity of Fab fragments. The affinity constants of the Fab
fragments were assessed by surface plasmon resonance, using a BIAcore 3000
instrument (Biacore AB, Uppsala, Sweden). Recombinant MSP-1,4 was immo-
bilized onto a CM5 chip (Biacore). Association and dissociation constants were
determined by using BIAevaluation 3.1.

DNA sequencing. Plasmid DNAs were isolated from immunofluorescence
assay-positive clones. Light-chain genes in the expression vector were subcloned
into the sequencing vector. Sequencing reactions in both directions were per-
formed with a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA), using M13 primers. The sequences were obtained using an ABI
PRISM 3100 genetic analyzer (Applied Biosystems).

Competitive inhibition assay. Each ELISA well was coated with recombinant
MSP-1,4 as described above. For competition between human Fab and a mouse
monoclonal antibody, various concentrations of purified Fab fragments (0.01,
0.1, 1, and 10 pg per 50 pl PBS) were mixed with 50 pl of anti-MSP-1,, mouse
monoclonal antibody 12.8 or 2.2 (3, 12, 22) and then added to the wells. The
mouse monoclonal antibodies were kindly provided by J. S. McBride, University
of Edinburgh. The plates were incubated for 1 h at room temperature and
washed with PBST. Reactions were detected as described above. As a control,
normal human Fab fragments (OEM Concepts) were used. Competition ELISA
between human Fab and sera or plasmas from patients with malaria was also
performed. Human sera immune to P. falciparum were obtained from individuals
living in the Solomon Islands, where malaria is highly endemic (34). Ten nano-
grams of Fab labeled with sulfosuccinimidobiotin (Pierce, Rockford, IL) per 50
wl PBS and equal volumes of immune sera (n = 10) diluted 1:10 were premixed
and added to the wells of ELISA plates, which were coated as described above.
Plasmas from lymphocyte donors (n = 8), diluted 1:10, were also tested by
competition ELISA. As controls, serum samples from healthy Japanese individ-
uals (n = 10) were used. The plates were incubated for 1 h and then detected by
incubation with streptavidin-biotinylated HRP (GE Healthcare, Buckingham-
shire, England) for 1 h. Reactions were also developed as described above and
expressed as values relative to those of the control.

Growth inhibition assay. The effect of human Fab fragments on the growth of
P. falciparum (strain FCR3) was examined in vitro (27, 28). Erythrocytes infected
with late trophozoites/schizonts were diluted with complete RPMI 1640 and
uninfected human erythrocytes to a final hematocrit of 4% and final parasitemia
of 0.5%. A total of 160 pl of this suspension was transferred to wells of a 96-well
flat-bottomed microplate, and then 40 pl of PBS containing 40 ug of purified
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FIG. 1. SDS-PAGE (A) and Western immunoblot analysis (B and
C) of purified recombinant Fab fragments from clones Pf25 (lanes 1),
Pf143 (lanes 2), and Pf227 (lanes 3). The Fab fragments were subjected
to SDS-PAGE in a 10% polyacrylamide gel under reducing conditions
and then transferred to polyvinylidene difluoride membranes. The
protein bands in panel A were stained with Coomassie brilliant blue.
The membranes were treated with an HRP-conjugated goat antibody
to the human kappa chain (B) or with HRP-conjugated Ni-nitrilotri-
acetic acid (C). The numbers on the left indicate the molecular masses
of size markers.

recombinant human Fab was mixed with the suspension. As controls, normal
human Fab fragments (OEM Concepts) and PBS only were used. Each treat-
ment was tested in two wells. After 24 h of incubation, parasitemia was deter-
mined by counting the number of infected erythrocytes in 10,000 total erythro-
cytes by Giemsa staining. Experiments were repeated three times.

Nucleotide e accession bers. The nucleotide sequence data reported
in this paper have been deposited in the DDBJ, EMBL, and GenBank databases
under accession numbers AB289325 to AB289330.

RESULTS

Reactivity of human Fab clones. A combinatorial immuno-
globulin gene library constructed from peripheral lymphocytes
of eight patients with falciparum malaria contained approxi-
mately 5 X 107 clones. Colony blotting of § X 10° clones
yielded 62 positive clones (0.008%). Secondary screening of
the positive clones with ELISA, using MSP-1,, and CP2.9,
followed by screening with immunofluorescence microscopy,
identified three positive clones. The positive Fab clones, des-
ignated P25, Pf143, and Pf227, were reactive to both MSP-1,,
and CP2.9. Affinity chromatography-purified Fab fragments
showed two bands, with molecular masses of 24 and 25 kDa,
under reducing conditions (Fig. 1) by SDS-PAGE. These
bands were identified as light and heavy chains by Western
immunoblot analysis.

Indirect immunofluorescence microscopy revealed the local-
ization of antigens recognized by these purified Fab fragments
on the surfaces of late trophozoites/schizonts and merozoites
(Fig. 2). This surface staining was demonstrated on strains
FCR3 and 3D7, which are representatives with dimorphic al-
lelic variants in MSP-1,,, suggesting the Fab fragments’ reac-
tivity to a conserved region. Western immunoblot analysis un-
der nonreducing conditions showed that these Fab fragments
were reactive to proteins with apparent molecular masses of 16
and 21 kDa (Fig. 3). In addition, 35-, 74-, and 76-kDa bands
were also detected. All of these bands were also detected by
plasmas from the eight malaria patients used to construct the
library in this study.

Primary structure and gene usage of human Fab clones.
Deduced amino acid sequences of the heavy- and light-chain
immunoglobulin genes of clones Pf25, Pf143, and Pf227 are
shown in Fig. 4. The three complementarity-determining re-
gions (CDRs) in the heavy chains of Pf25 and Pf227 were
identical. The light-chain CDR1 and CDR2 sequences were
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FIG. 2. Indirect immunofluorescence staining of P. falciparum
(strain FCR3)-infected human erythrocytes with recombinant Fab
P£25. The surfaces of a late trophozoite (left) and of merozoites in the
schizont stage (right) were stained. Propidium iodide was used for
counterstaining.

identical in the three Fab clones. Only one amino acid was
different in CDR3 sequences among these clones. The se-
quence homology of these clones with germ line sequences was
analyzed by IgBLAST at the NCBI website (http://www.ncbi
.nlm.nih.gov/igblast/) and by V-QUEST at the international Im-
munogenetics database (http://imgt.cines.fr:8104/textes/vquest/).
For the heavy-chain genes, the closest germ line sequence of
the V segments in Pf25 and Pf227 was VH1-8, and that of the
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FIG. 3. Western immunoblot analysis of reactivities of human
monoclonal antibody Fab fragments to a crude antigen of P. falciparum
(strain FCR3). Cell lysates were subjected to SDS-PAGE in a 10%
polyacrylamide gel under nonreducing conditions and then transferred
to polyvinylidene difluoride membranes. The protein bands in lane 1
were stained with Coomassie brilliant blue. Lanes 2 to 8 were treated
as follows: lane 2, Pf25; lane 3, Pf143; lane 4, Pf227; lane 5, control
human Fab; lanes 6 and 7, plasmas from patients with falciparum
malaria; and lane 8, serum from a healthy patient (control). The
preparations in lanes 2 to 5 and lanes 6 to 8 were treated with an
HRP-conjugated goat antibody to human Fab and an HRP-conjugated
goat antibody to human whole IgG, respectively. The numbers on the
left indicate the molecular masses of size markers.
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FIG. 4. Deduced amino acid sequences of genes coding for heavy- and light-chain variable regions of human anti-P. falciparum MSP-1,, Fab

fragments. FR, framework regions. The dots indicate identical residues.

V segment in Pf143 was VH7-81 (Table 1). The closest germ
line sequence of the D segments was D3-10 for these clones.
For the J segment, JH4 was used in Pf25 and Pf227, and JH5
was used in Pf143. All of the light chains belonged to the Vk1
family. The closest germ line sequence of the V segment was
A27 for all three clones, but the closest germ line sequence
of the J segment was different for each of the three clones
(Table 2).

Affinities of human Fab clones. The affinities of Pf25, Pf143,
and Pf227 for recombinant MSP-1,, were measured by surface
plasmon resonance. The dissociation constants of the three
Fab clones ranged from 1.09 X 10~? to 2.66 X 10~? M (Table
3). The affinity of Pf25 was approximately two to three times
higher than those of Pf143 and Pf227.

Analysis of an epitope recognized by human Fab fragments.
To examine whether the three Fab fragments recognized in-
hibitory epitopes on MSP-1,,, a competition assay was per-
formed using an anti-MSP-1,, mouse monoclonal antibody,
12.8, which is known to inhibit parasite growth (3, 22). Al-
though competition between the three human Fab fragments
and the monoclonal antibody 12.8 was observed, comparable
competition was also detected between the Fab fragments and
the blocking monoclonal antibody 2.2, which is known to block
the binding of the inhibitory monoclonal antibody 12.8 to
MSP-1,, (12) (Fig. 5).

To examine whether the epitope for these Fabs was recog-
nized by immune sera, competition ELISA was also performed
using sera from 10 malaria-immune individuals from the Sol-

TABLE 1. Comparison of gene usage for heavy-chain variable
regions of anti-P. falciparum MSP-1,, human Fab fragments

omon Islands or plasmas from eight donors of lymphocytes.
Only three of the immune sera and three of the donor plasmas
showed significant inhibition compared with control sera. No
significant difference in mean inhibition levels was demon-
strated between the donor and the immune groups (Fig. 6).

Inhibitory activity of Fab fragments on parasite growth. To
evaluate whether Pf25, which had the highest affinity among
the three Fab clones, inhibits parasite growth, it was added to
the culture of P. falciparum at a concentration of 200 wg/ml.
Although Pf25 suppressed parasite growth compared with the
PBS control (Table 4), no difference was seen between Pf25
and a control human Fab fragment.

DISCUSSION

To the best of our knowledge, this is the first report of the
successful production of human monoclonal antibodies reac-
tive to P. falciparum MSP-1,,, a malaria vaccine candidate.
Previous attempts to produce human monoclonal antibodies to
P. falciparum with Epstein-Barr virus-transformed lympho-
cytes did not induce stable secretion of antibodies (16, 18, 47).
Recombinant technology has been used to produce human Fab
and scFv fragments to P. falciparum proteins (19, 32, 37, 49),
and a human scFv fragment to the N-terminal block 2 region
has been reported (37). However, the scFv fragment was re-
active to only a limited number of parasite isolates, probably
because of extensive sequence polymorphism in N-terminal
block 2 of MSP-1 (43). In contrast, the three human Fab

TABLE 2. Comparison of gene usage for light-chain variable
regions of anti-P. falciparum MSP-1,, human Fab fragments

V segment D segment J segment V segment J segment
Clone Closest % Closest % Closest % Clone Closest % Closest %
germ line  Identity germ line Identity germ line Identity germ line Identity germ line Identity
Pf25-H VH1-8 97 D3-10 100 JH4 94 Pf25-L A27 100 JkS 100
Pf143-H VH7-81 91 D3-10 100 JH5 90 Pf143-L A27 99 Jk2 100
Pf227-H VHI1-8 98 D3-10 100 JH4 97 Pf227-L A27 99 Jk4 100
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TABLE 3. Association and dissociation constants for binding
of recombinant human Fabs to P. falciparum MSP-1,,,
measured by surface plasmon resonance®

Fab K4 (1/M) Kp (M)
Pf25 9.17 X 108 1.09 X 10~°
Pf143 5.86 % 10® 171 X 107°
Pf227 3.76 X 108 2.66 X 107°

“ K4, association constant; K, dissociation constant.

clones, Pf25, Pf143, and Pf227, obtained in the present study
are reactive to a conserved region of MSP-1,, (14, 15, 33)
because the clones were reactive with strains FCR3 and 3D7.
These two strains are representatives of dimorphic allelic vari-
ants, showing five amino acid substitutions in MSP-1,, (K.
Tanabe, unpublished data). Therefore, the epitope recognized
by these Fabs seems to be conserved in P. falciparum isolates.
The binding of the three Fab fragments was competitively
inhibited by two mouse monoclonal antibodies, 12.8 and 2.2,
both of which react to conserved epitopes in MSP-1,, (3, 22),
also suggesting that the three Fabs recognize a conserved
epitope in MSP-1,,.

The three Fab fragments share a similar CDR structure in
both the light and heavy chains. Therefore, the epitopes rec-
ognized by these Fabs are considered identical. Since the three
human Fab fragments did not react with MSP-1,, under re-
ducing conditions, the epitope is likely formed by the confor-
mation of the two epidermal growth factor-like domains in
MSP-1,,. The equilibrium dissociation constants (K,s) of the
three human Fab fragments ranged from 1.1 to 2.7 nM. These
values are considerably higher than those reported for other
human Fab fragments. For example, the K,, of a human Fab
fragment to the recombinant spike protein of severe acute
respiratory syndrome-associated coronavirus, which we pro-
duced using the same expression system, is 19.8 nM (17), and
the K,,s of neutralizing human Fab fragments to the recombi-
nant LecA domain of Entamoeba histolytica lectin are 7.7 to
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FIG. 6. Competitive binding of MSP-1,, in ELISA between recom-
binant human Fab Pf25 and plasmas from donors of lymphocytes, sera
from immune inhabitants of the Solomon Islands, or sera from healthy
control individuals. Donor, plasmas from donors of lymphocytes (O);
immune, immune sera from individuals with P. falciparum infections
(®@); control, sera from healthy controls (A). Horizontal bars indicate
mean values. The dashed line indicates the cutoff value (mean of
controls minus 3 standard deviations).

13.9 nM (41). The K5 of anti-P. falciparum MSP-3 human Fab
fragments reported by Lundquist et al. (19) are 20 to 46 nM.

The three Fab clones reacted not only to 16- and 21-kDa
proteins but also to 74-, 76-, and 35-kDa proteins. We believe
that the 16-kDa protein is the C-terminal 19-kDa molecule
under nonreducing conditions. The 16-kDa protein may be a
fragment processed from the 21-kDa protein after excision of
the C-terminal sequence for glycosylphosphatidylinositol an-
choring. The 35-kDa band observed in Western immunoblots
seems to be the 42-kDa molecule under nonreducing condi-
tions, as reported previously (3). The 74- and 76-kDa proteins
may share the same epitope as the N-terminal 83-kDa mole-
cule of MSP-1, which is further processed into slightly smaller
fragments of 67 to 75 kDa (20, 38). MSP-1,, contains the
following three distinct types of epitopes: (i) epitopes recog-
nized by inhibitory antibodies that inhibit processing of the
C-terminal 42-kDa molecule and erythrocyte invasion by the
merozoite, (ii) epitopes recognized by blocking antibodies that
block the binding of the inhibitory monoclonal antibodies to
MSP-1,,, and (iii) epitopes recognized by antibodies which are
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FIG. 5. Competitive binding between recombinant human Fab fragments and mouse monoclonal antibodies to MSP-1,, in ELISA. Various
concentrations of recombinant Fab fragments (Pf25, @; Pf143, A; Pf227, <; and control Fab, O) in PBS or PBS only was premixed with 200 ng
per well of the inhibitory antibody 12.8 (solid lines) or 20 ng per well of the blocking antibody 2.2 (broken lines) and then added to wells. Reactions
were detected with an HRP-conjugated goat antibody to mouse IgG and with a substrate. Optical densities (OD) were measured at 490 nm and

expressed as relative values to the PBS control values.



VoL. 75, 2007

TABLE 4. In vitro effect of Fab fragments on growth
of P. falciparum

Antibody Concn (mg/ml) % Parasitemia® % Inhibition
PBS only 0 2.48 = 0.34 0
Control Fab 0.2 1.69 = 0.18 32
Pf25 0.2 1.74 = 0.34 30

“Mean * standard deviation of data from three experiments.

neither inhibitory nor blocking (4, 48). In the present study, the
binding of three human Fabs to MSP-1,, was competitively
inhibited by both inhibitory and blocking mouse monoclonal
antibodies to MSP-1,,, suggesting that the epitope recognized
by these human Fab fragments overlaps epitopes recognized by
these mouse monoclonal antibodies. Importantly, the binding
of inhibitory monoclonal antibodies is blocked by naturally
acquired human antibodies specific to the 83-kDa fragment of
MSP-1 (12). In Western immunoblot analysis using our human
Fab fragments as well as reactivity with patient plasmas, ap-
proximately 74- and 76-kDa bands were detected under non-
reducing conditions. Therefore, we cannot exclude the possi-
bility that the three Fab fragments may cross-react with the
83-kDa molecule.

In the present study, a human Fab clone did not inhibit the
parasite’s growth at a concentration of 200 pg/ml. It has been
reported that the mouse monoclonal antibody 12.8 inhibits
processing of MSP-1,, by 96% at a concentration of 300 wg/ml
(12). This concentration of whole IgG molecule is equivalent
to 200 wg/ml of Fab fragments. The reason for the failure in
obtaining inhibitory antibodies could be the source of our
immunoglobulin gene library. We constructed the library from
lymphocytes of eight malaria patients having clinical symp-
toms. It is generally known that individuals with asymptomatic
malaria—but not those with clinical malaria—are immune to
P. falciparum, and such protective immunity is acquired after
repeated infections in areas where malaria is endemic, such as
Tanzania (10). In the present study, the epitope for three
human Fabs was strongly recognized by only 3 of 10 immune
sera. Therefore, construction of a new library from peripheral
blood lymphocytes of asymptomatic individuals highly immune
to malaria may be required to obtain an inhibitory Fab clone,
in addition to further screening of the library prepared for the
present study. Indeed, we previously observed that a library
constructed with cells from asymptomatic cyst passers of E.
histolytica demonstrates a higher positive ratio of antibodies
recognizing the adherence-inhibiting epitope of a surface lec-
tin than that for a library prepared from a symptomatic patient
with amebiasis (41). Recently, the preparation of whole IgG
molecules from Fab fragments was reported (19). Whole IgG
containing the cloned Fab fragments may induce antibody-
mediated killing of merozoites by complement, antibody-de-
pendent cellular cytotoxicity, and growth inhibition by cross-
linking of antigen molecules (28, 29). Since the human Fabs
reported in the present study possessed high affinities and
specificities for a conserved epitope in MSP-1, we believe that
there remains the possibility that these human Fabs are still
candidates for malaria immunotherapy.

Meanwhile, the human Fab clones are useful for epitope
mapping of antigens by analysis of the antigen-Fab fragment
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complex (23). An important observation in this context was the
identification of the primary structure of anti-MSP-1,, human
antibodies. The usage of germ line sequences in antibodies to
MSP-1 would be useful for understanding the molecular basis
of acquired humoral immunity to malaria and for analyzing the
epitopes of MSP-1,,. We believe that the present study will set
the stage for further production and development of human
anti-MSP-1,, monoclonal antibodies for the possible develop-
ment of passive immunotherapy for falciparum malaria.
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