1

Selection of peptides recognized by human antibodies against
the surface of Plasmodium falciparum-infected erythrocytes
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SUMMARY

In an attempt to identify mimotopes of the surface antigens of P. falciparum-infected erythrocytes (iIRBC), antibodies were
eluted from iRBC that had been treated with a pool of sera from malaria-infected individuals (IHS), and were used to screen
a phage display library (PDL). After repeated panning of the PDL on immobilized antibodies, phage that selectively bound
to IHS were accumulated. Of 23 randomly chosen clones that were sequenced, 13 individual sequences were detected at
varying frequencies and 3 of the 13 sequences had homology with membrane proteins known to exist on iRBC. The majority
of phage clones (7 out of 8 clones) selected after the 4th panning bound selectively to IgG in IHS. Specific binding of
the selected phage to IgG in THS was also confirmed using 24 IHS and 11 sera from uninfected individuals. One phage
clone was the most frequently found in the sequenced clones after the 4th panning, and the binding of this clone to IgG in
all THS was greater than in any serum from uninfected individuals. A rabbit antiserum against the peptide expressed on
the clone specifically recognized the surface of iRBC and resulted in iRBC haemolysis.
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INTRODUCTION & Cadwgan, 2002). When tested in animal models,

. romising results have been obtained using some
Development and use of chemotherapeutics and P 1sing . . JSINg SC
. o i . proteins from the invasive stages of malaria parasites,
insecticides have been important factors in controll- . . .
. . . . . . such as the circumsporozoite surface protein and the
ing many vector-borne infectious diseases, including

malaria. However, the emergence of drug-resistant
malaria parasites and insecticide-resistance in the
vector, the Anopheles mosquito, has increased the

merozoite surface proteins. However, the effective-
ness of such vaccine candidates in human trials were,
so far, less than satisfactory for practical use i.e.
partial effectiveness in a large-scale human trial or
short-lasting immunity (Moore et al. 2002). As one
of the ways to overcome the difficulties in induc-
ing universal and effective immunity, DNA-based
multi-component vaccines are now being developed,
and one such vaccine has been tested in human
volunteers (Moore et al. 2002). As suggested by
Doolan & Hoffman (2002), it should be possible to
develop a potent DNA-based vaccine when multiple
antigens from all blood stages are included in the
construct. However, at present, the surface antigens
of erythrocytes infected with mature-stage parasites
have not been considered as a component of the
vaccine despite the fact that the erythrocytic stages
remain in the bloodstream and are exposed to the
host immune system for the longest period of time
(48=72 h). Indeed, the establishment of a protective
immune response against these stages has been
suggested by the following observations. (1) Adults
who survive multiple malaria infection develop
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number of malaria infections in the world, resulting
in millions of deaths each year (Trigg & Kondrachine,
1998). In addition, most people in malaria-endemic
areas suffer not only from this devastating disease
but also from poverty and lack of appropriate health
care systems. Therefore, the development of malaria
vaccines is now considered to be an urgent need for
the control of malaria infections. Most of the efforts
in developing malaria vaccines have been made
against the life-threatening species, Plasmodium
falciparum.

Since irradiated sporozoites were found to elicit
protective immunity against a malaria infection
approximately 30 years ago (Clyde et al. 1973,
Cochrane et al. 1976), various malaria-parasite-
derived proteins have been tested for their ability to
elicit protective immunity with the goal of develop-
ing a practical vaccine (reviewed by Moore, Surgey
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(Kumar, Epstein & Richie, 2002; Sabchareon et al.
1991).

It has the plasma
membrane of the erythrocyte undergoes dramatic
changes when P. falciparum parasites mature therein.
Such changes include the appearance of protrusions
(called knobs) (Aikawa et al. 1983 ; Nagao, Kaneko
& Dvorak, 2000), a decrease in cholesterol and
sphingomyelin content (Maguire & Sherman, 1990),
externalization of aminophospholipids (Eda &
Sherman, 2002 ; Maguire, Prudhomme & Sherman,
1991), insertion of parasite-derived proteins (Baruch,
Rogerson & Cooke, 20025; Beeson & Brown, 2002;
Heddini, 2002 ; Smith et al. 2001), and modification
of host erythrocyte-membrane proteins (Sherman,
Crandall & Smith, 1992). Of these, a parasite-
derived protein, P. falciparum erythrocyte membrane

been demonstrated that

protein-1 (PfEMP-1), and an erythrocyte protein,
band 3, have been shown to be recognized by anti-
bodies produced in P. falciparum-infected individ-
uals (Baruch et al. 20025; Beeson & Brown, 2002;
Crandall, Guthrie & Sherman, 1995 ; Heddini, 2002;
Smith et al. 2001). PFEMP-1, a family of proteins
encoded by about 60 copies of var genes (Gardner
et al. 2002), acquires extensive antigenic diversity by
genetic recombination (Freitas-Junior et al. 2000).
At the trophozoite and schizont stages, PFTEMP-1
molecules are transported to the surface of iRBC
and contribute to antigenic variation (Baruch et al.
2002b; Beeson et al. 2002; Heddini, 2002; Smith
et al. 2001). Moreover, it has been shown that
PfEMP-1 plays a pivotal role in the pathogenesis
of malaria by mediating the sequestration of
iRBC in the deep tissues leading to cerebral and
placental malaria (Baruch et al. 2002b; Beeson et al.
2002; Heddini, 2002; Smith et al. 2001). PFEMP-1
proteins are composed of adhesive domains re-
sponsible for iRBC binding to various endothelial
and placental receptors. For instance, domains
DBLJ, CIDR-1, and DBLy were shown to bind
ICAM-1, CD36 and chondroitin sulfate A, respect-
ively (Baruch et al. 2002b; Beeson et al. 2002;
Heddini, 2002; Smith et al. 2001). In spite of its
antigenic diversity, PFEMP-1 has been studied as a
candidate for a malaria vaccine. This is based on
the findings that a recombinant protein of CIDR-1
domain could induce monoclonal antibodies that
cross-reacted with other variants (Gamain, Miller &
Baruch, 2001) and that the immunization of Aotus
monkeys with CIDR-1 protein could induce a high
level of protection when challenged with a homolo-
gous strain of P. falciparum (Baruch et al. 2002 a).
However, the protection by CIDR-1 was not ob-
served when the immunized monkey was chal-
lenged with a different strain. Therefore, further
investigations are required for this well-studied
surface antigen on iRBC before it can be used as a
component of a DNA-based multivalent malaria
vaccine.
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To date, the CIDR-1 domain of PfEMP-1 is the
only epitope tested for development of a vaccine
based on iRBC surface antigens. Therefore it is of
great importance to identify novel epitopes on the
iRBC. In the last decade, phage display library
(PDL), a library of phage expressing random pep-
tides on their surface, has been used successfully for
the identification of epitopes by panning the library
on various antibodies. Here we have attempted to
identify surface epitopes or mimotopes of iRBC
surface antigens utilizing PDL,, and antibodies eluted
from the surface of iRBC that had been treated with
a pool of sera from malaria-infected individuals

(THS).

MATERIALS AND METHODS
Materials

Bacto tryptone and Bacto agar were obtained from
Becton Dickinson and Co. (Sparks, MD). Yeast
extract and DNA preparation kit, QIAprep Spin
M13 kit, were obtained from DIFCO laboratories
(Detroit, MI) and QIAGEN Inc. (Valencia, CA),
respectively. Streptavidin-labelled Alexa488,
NeutrAvidin-labelled microspheres (¢1 um) were
purchased from Molecular Probes Inc. (Eugene,
OR) and HRP-conjugated goat anti-human IgG
antibody was purchased from Bio-Rad Laboratories
(Hercules, CA). Biotin-labelled goat anti-human IgG
antibody, biotin-labelled anti-rabbit IgG antibody,
and Protease Inhibitor Cocktail were obtained from
Calbiochem, EMD Biosciences Inc. (San Diego,
CA). Other chemicals were obtained from Sigma
Chemicals Co. (St Louis, MO). Synthesis of the
peptide identified in this work and production
of polyclonal antibody against the peptide conju-
gated with keyhole limpet haemocyanin was carried
out by New England Peptide (Fitchburg, MA). A
pool of sera from P. falciparum-infected individuals
(IHS) in Africa was provided by Dr William E.
Collins (Centers for Disease Control and Prevention,
Atlanta, GA) and serum samples from P. falciparum-
infected individuals in Thailand were provided by
Dr Nicholas J. White (Mahidol University, Bangkok,
Thailand). Sera of uninfected individuals (NHS)
were obtained from healthy volunteers at the Uni-
versity of California at Riverside (Riverside, CA).

Parasites

Two P. falciparum cloned lines, FCR-3 (knobby,
CD36-preferring line), and CS2 (knobby, CSA-
preferring line) were continuously cultured in O+
human erythrocytes as described by (Trager &
Jensen, 1976). The binding characteristics of FCR-3
and CS2-infected iIRBC were confirmed using CD36-
expressing CHO cells and CSA-overexpressing
CHO cells as described previously (Eda et al. 1999).
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Cultures of parasites were synchronized at the
mature stage by gelatin flotation (Pasvol et al.
1978) and at the ring stage by lysis of mature-stage
iRBC using a 5% sorbitol solution (LLambros &
Vanderberg, 1979).

Isolation of human antibodies bound to the surface

of iRBC

iRBC infected with mature FCR-3 parasites (tropho-
zoites and schizonts) were concentrated by gelatin
floatation (Pasvol et al. 1978) resulting in para-
sitaemias of 70%. The concentrated iRBC were
incubated at room temperature for 2h with 1:10
diluted NHS or a pool of IHS from P. falciparum-
infected individuals in Africa in the presence of 10%
bovine serum albumin (BSA). Unbound materials
were removed by washing the cells with 5 ml of PBS
3 times and bound materials were eluted at room
temperature for 2 min with saline-glycine buffer
(0-1 m glycine, pH 30 and 0-1 m NaCl). We con-
ducted Western blotting using the antibody eluted
from NHS- or IHS-treated iRBC and found that
antibody from IHS-treated iRBC specifically recog-
nized a band with a molecular weight of about
240 kDa and the same band was detected by an anti-
PfEMP-1 antibody (data not shown), showing that
the eluted materials contained antibodies recogniz-
ing the surface molecules of iIRBC. The eluate was
neutralized by adding 1:50 volume of 0:5 M Tris-
base solution and was stored at —20 °C until use.

Panning the phage display peptide libvary and phage
binding assays

PDL and Escherichia coli strain, K91Kan, used in
this work were kind gifts from Dr Renata Pasqualini,
(University of Texas, M. D. Anderson Cancer
Center, TX) and the details of library construction
and protocols have been described previously (Scott
& Smith, 1990; Koivunen et al. 1993). Phage in
the library express 7-mer random peptides at the
extracellular N-terminal of coat proteins, pIII, and
the random peptides are constrained by disulfide
bonding of two cysteine residues at the flanking
region of the peptides. The complexity of the library
was approximately 2 x 108, Human antibodies eluted
from the surface of iRBC were diluted 1:50 in PBS
and immobilized on the well of a plastic 96-well
plate by incubating at 4 °C overnight, and the well
was blocked at room temperature for 2 h with PBS-
0-2% Tween (PBST) containing carrier proteins,
such as BSA. Phage suspended in PBST-2% BSA
containing 1:50 diluted eluate from NHS-treated
iRBC was incubated at room temperature for 2 h
with the immobilized antibodies. Unbound phage
were removed by washing 5 times with PBST, and
bound phage were eluted by incubation at room
temperature for 2 min with saline-glycine buffer
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Table 1. Panning of phage display library on
antibodies isolated from the surface of iRBC

(See Materials and Methods section for details.)

TU of phage

Used Recovered Recovery
Panning (x10%) (x10% (x107%%)
1 60 3 0-05
2 1 0-5 5
3 1 0-4 4
4 1 30 30

(pH 3:0). Log-phase E. coli were infected by phage
in the eluate by incubation at room temperature
for 30 min in Luria-Bertani (ILB) broth containing
100 ug/ml kanamycin. Infected bacteria were selec-
ted by culturing them in the presence of 20 ug/ml
of tetracycline at 37 °C for 1h. The titre of the
infected E. coli suspension was checked by cultur-
ing the infected bacteria on tetracycline-containing
agar plates. The remaining suspension of phage-
infected bacteria was incubated in LB medium
containing 20 ug/ml of tetracycline at 37 °C over-
night and phage were isolated from the pellet by
polyethylene glycol (PEG) precipitation. The titre
of amplified phage was determined as described
above and the phage were suspended in PBS'T' con-
taining carrier proteins and subjected to the follow-
ing panning.

The panning process was repeated 4 times to
select phage that bind selectively to IgG in IHS. For
the 1st panning, 6 x 10° TU of phage were used and
2 x 10® TU of phage were used for the 2nd, 3rd, and
4th panning (Table 1). To avoid collecting phage
that non-specifically bind to carrier proteins, differ-
ent proteins were used for each panning. For the 1st
and 4th panning, BSA (2 w/v% in PBST) was used
as a carrier protein. Superblock (PIERCE, Rockford,
IL, 10v/v% in PBST) and BlockAid (10 v/v%
in PBS) were used for the 2nd and 3rd panning,
respectively. Antibodies eluted from NHS-treated
iRBC were used in the all pannings to avoid selec-
tion of mimotopes of surface antigens of nRBC and,
for the 4th panning, phage were incubated with
immobilized antibodies in the presence of 10%
normal serum to remove phage binding to the con-
stant region of antibodies and serum proteins. After
the 4th panning, colonies of phage-infected E. coli
were randomly selected, amplified and used for
assessing the binding specificity of each phage clone
against immobilized antibodies. The phage binding
assays were conducted in the same fashion as the
panning procedure described above; however, anti-
human IgG polyclonal antibody was used to capture
IgG molecules specifically in plastic wells. We
immobilized goat anti-human IgG antibody in a
96-well plate using 0-6 ug of antibody per well and,
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after removal of unbound antibody by washing and
blocking with 2% BSA, the wells were incubated
with 30 ul of 1:50 diluted NHS and IHS that contain
excess amount (approx. 6 yg) of human IgG. There-
fore, the amount of bound human IgG in each well
should be limited by the amount of immobilized anti-
human IgG antibodies on the wells and thus it is
expected that the same amount of human IgG from
NHS and IHS was immobilized in each well.

DNA sequencing

Phage clones were randomly selected after the 4th
panning and amplified for DNA sequencing. DNA
of selected phage was purified using QIAprep Spin
M13 kit according to the manufacturer’s instruc-
tions. To determine the sequence of the random
peptide on the selected phage, partial sequencing was
carried out using BigDyeR Terminator v3.0 cycle
Sequencing Kit (Applied Biosystems Inc., Foster
City, CA) and 5’ primer (5'-CCCTCATAGTTA-
GCGTAACG-3’). The PCR products were analysed
on a 3730 DNA analyser (Applied Biosystems Inc.).
All DNA sequencing was carried out at the UCR
Genomics Institute.

Anti-peptide antibody binding assay
Five ul of packed iRBC (FCR-3 strain, trophozoite

or schizont stages, 10 % parasitaemia) were incubated
at room temperature for 1 h with anti-peptide anti-
serum diluted 1:2 in RPMI-HEPES and unbound
materials were removed by washing the cells 3 times
with PBS-0-01% BSA. After the last centrifugation,
the cell pellet was resuspended in RPMI-HEPES
containing 1% BSA and was subjected to a binding
assay against beads coated with anti-rabbit IgG
polyclonal antibody. Coating of beads with anti-
rabbit IgG antibody was conducted as follows.
Neutravidin-coated fluorescent beads (5 ul packed
volume) were first blocked with 1% BSA in PBS at
room temperature for 30 min and then incubated
with biotin-labelled anti-rabbit IgG antibody at
room temperature for 1 h. Unbound antibodies were
removed by washing the beads 3 times with PBS-1%
BSA. The beads were resuspended in 100 ul of 1%
BSA in RPMI-HEPES and mixed with 10 ul of
packed iRBC previously incubated with anti-peptide
antibody. After incubation with gentle shaking, 2%
glutaraldehyde solution was added to the bead sus-
pension to make a final concentration of 0-2%. To
remove unbound beads, iRBC were washed with
PBS by centrifugation at 1500 g for 30 sec, and the
pellet suspended in PBS. Beads bound to the surface
of iIRBC were observed and counted by fluorescent
microscopy using a combination of a phase-contrast
filter for identification of iRBC and a fluorescent
filter for visualization of beads. nRBC and iRBC were
distinguishable under phase-contrast microscopy
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and were counted until the number reached at least
100. The number of beads bound on nRBC or iRBC
was also counted and bead binding was expressed as
the number of beads bound on 100 RBC.

Haemolysis assay

Twenty ul of packed iRBC and uninfected RBC
suspended in RPMI-HEPES were incubated at
37 °C for 1 h with 20 ul of various dilutions of anti-
peptide antiserum. After adding 60 ul of PBS to the
suspension of iRBC, the cells were sedimented by
centrifugation at 600 g for 3 min. Fifty ul of the
supernatant were collected, and the concentration of
released haemoglobin was determined by measur-
ing the absorbance at 419 nm using a microplate
reader (Bio-Rad). Since haemolysis of trophozoite
and schizont stage of iRBC by sorbitol solution is
known to be very specific and complete (Lambros &
Vanderberg, 1979), we used the haemoglobin con-
centration obtained by sorbitol lysis to calculate the
percentage of lysed RBC.

Statistical analysis

Differences between values in Fig. 3 were examined
using ANOVA (single factor) and were regarded as
significant when P-values were less than 0-05.

RESULTS

Panning of PDL on antibodies isolated from the
1RBC surface

Human antibodies recognizing surface molecules
on iRBC were eluted from iRBC previously treated
with a pool of THS from P. falciparum-infected
individuals in Africa. To isolate phage expressing
peptides mimicking antigens on iRBC, a library of
phage expressing random peptides (7 mer peptides
constrained by disulfide bonding of two cysteine re-
sidues) was panned on immobilized antibodies eluted
from iRBC. After extensive washing, bound phage
were eluted with an acidic buffer and amplified in
E. coli. The amplified phage were purified and sub-
jected to panning on immobilized antibodies. As
shown in Table 1, the recovery of phage after pan-
ning (the ratio of T'U of bound phage to that of phage
used for the panning) was increased after each pan-
ning and dramatically increased after the 4th panning.
The recovery was 600-fold higher at the 4th pan-
ning when compared with that of the 1st panning,
suggesting the accumulation of phage specific for
binding to antibodies eluted from the iRBC surface.
Further panning did not increase the recovery rate.

Binding specificity of phage against 1gG in IHS

The original phage library and phage after the 3rd
and 4th panning were tested for their binding activity
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Table 2. Sequences of peptides expressed on selected phage

Homologous peptide

Clone Frequency Sequence in an iRBC surface protein
1 5 CTGDARHRC
RN
DAKHRC PfEMP-1 DBL-3y
2 3 CNSVGRIWC
[T
VGRVW Band 3 loop 2
3 2 CTPATLLLC
NEENEY
TPASLAL Band 3 loop 7
4 2 CMRLGSSIC
5 2 CLVSFGLSC
6 2 CLDSSRGIC
7 1 CRQLGKQRC
8 1 CHQLGKOQRC
9 1 CGGVHFAYC
10 1 CADVSQPVC
11 1 CAGFEKIPC
12 1 CNRLPRELC
13 1 CVLESHYEC

* Identical amino acid residues are connected by solid lines and amino acids
having similar side-chains are connected by dashed lines.

and the sequences of random peptides expressed on
the phage were determined. As shown in Table 2, the
sequences of clones 1 and 2 were found in 5 and 3
clones in the 23 sequenced clones, respectively. The

5 contained clones that were binding specifically to
= IgG in THS.
£ 4|
o)
m'; Sequences of peptides on selected phage
S 3t
2; Twenty-three clones from the phage mixture ob-
S 5l tained by the 4th panning were randomly selected,
._g
]
(o]
©
ey
o

— |

3rd 4th

——
Original

sequences of clones 3-6 were found twice in 23
clones, and the sequences of clones 7 and 8 were
identical except for one amino acid substitution. This
suggested the selection of specific phage during the

Fig. 1. Binding specificity of original phage display library
and phage selected after panning against antibodies
isolated from the iRBC surface. Phage (1 x 108 TU) were

panned on immobilized IgG from NHS (open bar)- or with
IHS (closed bar)-treated iRBC and T'U of bound phage
was determined as described in the Materials and Methods
section. Each bar represents the mean +s.D. of triplicate
determinations.

against NHS and THS. In the phage binding assay,
IgG molecules were captured on plastic wells coated
with anti-human IgG polyclonal antibodies. The
binding of phage collected after the 4th panning to
IgG in THS was the highest among phage mixtures
tested and was 160-fold higher than that of the
original library (Fig. 1), confirming the accumulation
of phage binding to IgG in THS. Phage after the
4th panning bound 2-1-fold higher to IgG in THS
than to that in NHS (Fig. 1). This suggested
that phage clones collected after the 4th panning
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panning process. Homology of identified peptidic
sequences with known proteins on the surface of
iIRBC was determined using the BLAST program.
The sequence of the clone 1 peptide had homo-
logy with an extracellular domain (DBL3y) of the
parasite-derived iRBC surface protein, PfTEMP-1
(Baruch et al. 1995), and the sequences of clones 2
and 3 had homology with extracellular loops 2 and 7
of the erythrocyte membrane protein, band 3 (Zhu,
Lee & Casey, 2003).

Binding specificity of selected phage to IgG in IHS

To confirm the binding specificity of isolated clones,
phage of clones 1-8 were amplified and tested for
their binding to IgG in NHS and THS. All of the
phage clones, except for clone 2, specifically bound
to immobilized IgG in IHS as shown in Fig. 2,


https://doi.org/10.1017/S0031182004006328

S. Eda and I. W. Sherman

N (]

-

Phage binding (x 10° TU/well)

0
Original Irrelevant 1 2 3 4 5 6 7 8

Selected phage clones
Fig. 2. Binding specificity of original phage display
library, phage expressing an irrelevant peptide, and phage
clones selected after the panning against antibodies isolated
from iRBC surface. Phage (1 x 10® TU) were panned on
immobilized IgG from NHS (open bar)- or with IHS
(closed bar)-treated iRBC and T'U of bound phage was
determined as described in the Materials and Methods
section. Each bar represents the mean +s.D. of triplicate
determinations.

whereas phage in the original phage display library
and phage expressing an irrelevant peptide neither
showed such binding activity nor specificity against
IgG in THS. Prevalence of antibodies against the
peptide of phage clones in IHS was examined using
11 NHS and 24 IHS. IHS from Thailand was used
for this phage binding assay in order to identify
mimotopes conserved in different geographical areas.
(Note that IHS from Africa was used for the panning
and phage binding assay shown in Fig. 2.) Clone 2
was excluded in this experiment, because specific
binding of clone 2 phage was not found with THS.
Binding of phage of clones 1 and 3-7 to a group
of ITHS was higher than that to a group of NHS, and
the difference between phage binding to NHS and
ITHS was statistically significant (P value <0-05). The
original library and phage of clone 8 bound to each
group of sera to almost the same extent (Fig. 3). Most
interestingly, in the case of clone 1 phage, all THS
showed a higher binding of phage when compared
with NHS (Fig. 3), demonstrating that all of the IHS
tested contained IgG against the peptide expressed
on clone 1 phage (named mimotope 1, M1).
Therefore, in the following experiments, we focused
on the M1 peptide as a candidate of iRBC surface
mimotope.

Binding of anti-M 1 antibody to the surface of iRBC

To examine whether the M1 peptide could elicit the
production of antibodies against a surface antigen of
iRBC, rabbits were immunized with the M1 peptide
conjugated to keyhole limpet haemocyanin, and the
antisera tested for their activity to recognize
the surface of iRBC infected with trophozoites/
schizonts. Binding of anti-M1 antiserum to the
surface of iIRBC could not be detected by indirect
immunofluorescent and flow cytometrical assays
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(data not shown), suggesting that the number of the
antigens on iIRBC was too low to be detected by such
methods. Therefore, we elected to detect antibody
binding to the surface of iRBC using fluorescent
beads. iRBC were incubated with the rabbit anti-IM1
antiserum and antibody binding was detected by
fluorescent beads coated with anti-rabbit IgG anti-
body. Although non-specific binding of beads was
observed when iRBC were treated with pre-immune
rabbit serum (Fig. 4A), a much larger number of
beads was observed on the surface of iRBC treated
with rabbit anti-M1 antiserum (Fig. 4B). No sig-
nificant binding was observed on uninfected
erythrocytes. Significant binding of anti-M1 anti-
bodies on iRBC was confirmed by counting the
bound beads (Fig. 4C). The number of beads bound
to the surface of iIRBC was 3-fold higher when the
cells had been treated with rabbit anti-M1 antiserum
when compared to the number of beads bound to
untreated iIRBC or to iIRBC treated with pre-immune
serum. These findings suggest that the M1 peptide
could induce the production of antibodies against a
surface antigen of iRBC in the immunized rabbit.

Haemolysis of iRBC by rabbit anti-M 1 antiserum

Since anti-M1 rabbit antibodies recognized the sur-
face of iRBC, we tested whether anti-M1 antiserum
could result in complement-mediated lysis of iRBC.
Significant haemolysis was observed when iRBC
were incubated at 37 °C for 2 h with anti-M1 anti-
serum, whereas such haemolysis was absent when
the cells were treated with pre-immune serum
(Fig. 5A). The haemolysis of iRBC was observed
with two phenotypically different strains of malaria
parasite, i.e. FCR-3 and CS2 (Fig. 5A). Antiserum
did not cause significant haemolysis when nRBC
were used instead of iRBC (data not shown).
Haemolysis was completely inhibited when the
antiserum was heat inactivated or when the incu-
bation was conducted in the presence of EDTA
(Fig. 5B). Since it is well known that activity of
complement factors can be abolished by these treat-
ments, this result suggested that the observed
haemolysis was due to complement activation of
antibodies fixed to the iRBC surface.

DISCUSSION

In this paper, we have made an attempt to identify
epitopes on the iRBC by screening a PDL on human
antibodies that recognize the surface changes of
the iRBC membrane. Although a prior: it might
be expected that panning of PDL on materials with
multiple specificity, such as serum, would not re-
sult in the selection of specific phage clones, it is
of interest to note that some investigators have
found they could identify disease-specific epitopes/
mimotopes by panning PDL on sera from patients
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Fig. 3. Binding specificity of the original phage display library and phage clones selected after the 4th panning against
IgG in NHS (11 samples, open circle) or IHS (24 samples, filled circle). Phage (1 x 108 T'U) were panned on
immobilized IgG and T'U of bound phage was determined as described in the Materials and Methods section.
Horizontal lines in each graph represent the mean values. The numbers in each graph indicate P values calculated

using ANOVA (single factor). Relative phage binding was calculated by dividing each value of phage binding (T'U/well)
to NHS or IHS by the mean of phage binding ('T'U/well) to NHS.

(Bowditch et al. 1996; Santamaria et al. 2001).
Santamaria et al. (2001) conducted the screening of
PDL expressing random peptides with sera from
human papillomavirus (HPV)-infected patients and
identified peptides having homologies with an HPV
protein, HPV 16 L1. Further, some of the selected
phage reacted specifically with sera from HPV
patients. Bowditch et al. (1996) also carried out
similar screening using sera from patients with
chronic immune thrombocytopaenic purpura (I'TP).
ITP patients are known to have autoantibodies

against glycoprotein IIb/IIla complex. The
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screening resulted in peptides having homology with
glycoprotein IIb/IIla and the phage expressing
such peptides reacted with an anti-IIb/I1Ia auto-
antibody. Moreover, specific selection of peptides
using PDL on intact cell surfaces has also been
successful both in vitro and in vivo (Arap et al. 2002
da Silva et al. 2002; Samoylova et al. 2002). Thus,
PDL is a powerful tool for identifying specific
peptides even when the target contains multiple
components.

The advantages of the approach taken in this work
are that (1) small epitopes could be directly identified
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Fig. 4. Binding of anti-M1-peptide antibody to iRBC (FCR-3 strain). (A, B) Photographs of fluorescent beads

bound to the surface of iRBC pre-treated with pre-immune rabbit serum (A) or with immune serum raised against the
M1 peptide (B). Arrowheads indicate bound fluorescent beads on iRBC and arrows indicate nRBC present in the iRBC
suspension. (C) Binding of antibodies to the surface of uninfected erythrocytes (open bar) and iRBC (closed bar).
Fluorescent beads were coated with anti-rabbit IgG antibody and used to detect the binding of anti-M1 antibody on iRBC
as described in the Materials and Methods section. Each bar represents the mean +s.D. of triplicate determinations.
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Fig. 5. Haemolysis of iRBC by rabbit anti-M1 antiserum.
(A) Pre-immune serum (open symbols) and immune serum
(closed symbols) were incubated with a suspension of iRBC
infected with FCR-3 strain (circle) or with CS2 strain
(triangle) and the lysis of RBC was evaluated. Each value
represents the mean +s.D. of triplicate determinations. (B)
Lysis of iRBC infected with FCR-3 strain after incubation
with rabbit pre-immune and immune serum raised against
the M1 peptide was examined as in (A). Heat: heat-
inactivated immune serum was used. EDT'A: incubation
was conducted in the presence of EDTA. Each bar
represents the mean +s.D. of triplicate determinations.

using short peptide-expressing PDL, (2) the identi-
fication could be carried out without predefined
information, (3) it is relatively easy to study the dis-
tribution of antibodies against identified peptides
in infected subjects, and (4) even peptides mimick-
ing non-proteinaceous epitopes may be identified
(Renkonen et al. 2002). T'o focus only on the antigens
exposed on iRBC, we have used antibodies eluted
from iRBC that had been treated with IHS and have
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identified peptides that are specifically recognized
by IHS. Three out of 13 identified peptides showed
significant homology with the extracellular portion
of iRBC surface proteins, namely PfEMP-1 and
band 3.

The peptides expressed on phage clones 2 and 3
showed homology with extracellular loops 2 and 7
of band 3 protein, respectively (Zhu et al. 2003).
Band 3 is the anion-exchange protein of erythrocytes
and the polypeptide of the protein is known to
transverse the phospholipid bilayer 14 times. Loops
2 and 7 of band 3 are known to be relatively short,
i.e. 7 and 4 amino acids in length, when compared
with other loops (10-38 amino acids in length) and
are flanked by two a-helical transmembrane do-
mains. Therefore, it is possible that the structure of
loops 2 and 7 could be constrained as the peptides
on the phage are constrained by disulfide bonding of
two cysteine residues and that could be the reason for
peptides having homology with loops 2 and 7 being
selected. It is interesting to note that most of the band
3 protein is transmembranous and cytoplasmic so
that only about 10% of the entire protein is exposed
on the outer surface of erythrocytes. Therefore, the
probability for phage peptides to have homology
with such an extracellular region should be very low,
supporting the idea that the peptides in loops 2 and
7 of band 3 are the epitopes on the iRBC that are
mimicked by peptides of clones 2 and 3. The reac-
tivity of the phage expressing the loop 2 homologue
to NHS and THS was higher than that of the original
PDL or irrelevant phage; however, the difference
in reactivity to NHS and THS was not significant.
Since we have shown that cryptic regions of band
3 (amino acid residues 547-553 and 824-829)
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were exposed and mediated cytoadherence of iRBC
(Sherman, Eda & Winograd, 2003), and Kay (1992)
have shown that the regions were the senescent an-
tigens recognized by anti-band 3 autoantibodies, the
loop 2 region of band 3 with homology with the
peptide on clone 2 could also be such an autoantigen
exposed both on iRBC and senescent erythrocytes.
On the other hand, the phage expressing the peptide
with the loop 7 homologue was selectively recognized
by IHS (Fig. 3, clone 3). This result is consistent
with our previous data that a peptide partly con-
taining the sequence on the phage clone 3
(WVVKSTPAL) was recognized by ITHS but not by
NHS (Crandall et al. 1995). However, a peptide
containing the entire sequence of the peptide on
phage clone 3 was not tested in this work. How can
peptides of a host erythrocyte protein be antigenic

during a malaria infection? Since parts of band 3,
having homology with peptides of clones 2 and 3,
were reported to be buried in the phospholipid bi-
layer in nRBC, it is possible that regions came to be
exposed as the parasite matured within the RBC. In
support of this hypothesis, we recently demonstrated
that a transmembrane region of band 3 (amino acid
residues 534-547) was exposed to the surface of
iRBC upon parasite maturation within the RBC
(Winograd, Eda & Sherman, 2004). However, we
have not conducted any experiments to confirm
whether loops 2 and 7 are exposed on iRBC due to a
conformational change in the band 3 protein and are
the epitopes of the peptides on phage clones 2 and 3.

The BLAST search (search for short, nearly exact
matches) of the DARHRC sequence of the M1
peptide found the homologous region (DAKHRC)
in DBL3y domain of PfEMP-1 of Dd2 strain
whereas no other P. falciparum protein had such
homology with the M1 sequence. Further, the
homology search of the M1 peptide in the database of
Homo sapiens genes found 3 function-unknown
genes, KIAA 0342, microrchidia homologue, and
LOC132621; however, the homologies were lower
when compared with the homology of DARHRC in
M1 with DAKHRC in DBL3y. Thus, the homology
between the M1 peptide and the peptide in
DD2var1-DBL3y was very specific. However, this
raised a question as to why the M1 peptide was
homologous with DBL3y region of Dd2 strain. Since
PfEMP-1 genes of FCR-3 strain have not been
completely sequenced and it is still not clear whether
only 1 PfEMP-1 gene product is exclusively ex-
pressed on the surface of iRBC; possibly the FCR-3
strain expressed a PfEMP-1 gene product having
the DAKHRC sequence or its homologue on the
surface of iIRBC. Another possibility is that a var
gene in FCR-3 encodes an amino acid sequence that
shares homology with DAKHRC in three-dimen-
sional structure and the var gene product was
expressed on FCR-3-iRBC. The result of the
haemolysis assay might support this possibility.
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Namely, the haemolysis caused by anti-M1 peptide
antibody appears more efficient for the CS2 strain
than FCR-3 strain. Since the strains are distinct in
characteristics of cytoadherence to CD36 and CSA
that is mediated by PfEMP-1, the result suggests
that different PFEMP-1 expressed on FCR-3 and
CS2 were the targets of the anti-M1 peptide
(CTGDARHRC) antibody. However, none of these
possibilities was supported by our observation that
anti-M1 antibody did not detect any proteins with the
same molecular weight as PFEEMP-1 on Western blots
(data not shown). Although this result could be due
to the disruption of the three-dimensional structure
of PFEMP-1 conserved in FCR-3- and Dd2-iRBC
during the extraction process, the possibility that it
is purely accidental that M1 showed homology with
DBL3y can not be excluded. Thus, it is uncertain
whether the DBL3y domain of PfEMP-1 (var-1
product) was the original epitope of the M1 peptide;
however, despite this, the following observations
suggest that the M1 peptide (or its derivatives) might
be used as a component of multicomponent malaria
vaccine. (1) The M1 peptide could induce the
production of antibodies recognizing the surface of
iRBC confirming that the peptide was mimicking
an iRBC surface antigen; (2) antiserum against
M1 caused haemolysis of iRBC; and (3) phage
bearing the M1 peptide were exclusively recognized
by IHS.

It has been shown by several groups of investi-
gators that filamentous phage expressing a peptidic
mimotope on coat proteins could induce humoral
and cellular immune responses without using any
external adjuvant. For example, Willis, Perham &
Wraith (1993) demonstrated that immunization with
phage having peptides of major antigenic deter-
minants of P. falciparum circumsporozoites could
induce humoral and cellular immune responses
without the addition of immunostimulants. Also,
Demangel et al. (1998) identified phage-displayed
peptide, CGRVCLRC (C15), by panning PDL on a
monoclonal antibody against the merozoite surface
protein 1 of P. vivax (Pv42). Immunization of mice
with C15-expressing phage particles induced the
production of antibodies against the original antigen,
Pv42, even in the absence of adjuvant. These findings
suggest that identifying epitope/mimotope by bio-
pannning of PDL on antibody and immunization
with peptidic epitope-expressing phage particles
may be a simpler and less expensive strategy for
the development of a malaria vaccine. To this end, it
would be of interest to test whether immunization
with phage clone 1 or a combination of phage clones
1 and 3-7 could induce antibody production and/or
epitope-specific stimulation of lymphocytes and
whether such induction would result in protective
immunity in a P. falciparum animal model.

In this work, we have shown that panning of PDL
on antibodies eluted from the iRBC surface is
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an effective way to identify epitopes/mimotopes of
surface antigens of iRBC, and this approach may also
be useful for identifying surface antigens on other
stages of malaria parasites i.e. merozoites, sporo-
zoites, and gametocytes.
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