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Erythrocyte Band 3 Inhibits Invasion by Malaria

(Plasmodium knowlesi) Merozoites
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A B S T R A C T Receptors on erythrocytes and malaria
parasites mediate specific attachment and junction for-
mation between these cells that lead to invasion of the
erythrocytes. Weidentified a monoclonal antibody A9
and its subelone A9D3 that bound to rhesus erythro-
cytes and blocked invasion of the erythrocytes by Plas-
modium knowlesi merozoites. The monoclonal anti-
bodies did not block attachment, the initial step in
invasion, although swelling and crenation of the eryth-
rocyte, which normally occur after attachment, were
rarely observed in the presence of antibody. The
monoclonal antibody immunoprecipitated rhesus
erythrocyte band 3. It bound to erythrocytes of another
Old World monkey, the kra monkey, but not to eryth-
rocytes of NewWorld monkeys, chimpanzees, or man.
Since the antibody did not bind to human erythrocytes,
we could test for nonspecific toxicity to the parasite
by studying the effect of the ascites and purified an-
tibody on invasion of human erythrocytes. The anti-
body caused a minimal reduction in invasion of human
erythrocytes, a reduction no greater than that seen
with an unrelated monoclonal antibody. Further evi-
dence that the inhibition was specific came from study
of Fab fragments of A9D3. Column-purified Fab frag-
ments reduced invasion of rhesus erythrocytes without
affecting invasion of human erythrocytes. Fab frag-
ments preabsorbed with rhesus erythrocytes did not
inhibit invasion. From the above data, we conclude
that band 3 is involved in a stage in the invasion process
after initial recognition.
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INTRODUCTION
Malaria merozoites invade erythrocytes by a sequence
of steps that begin with specific attachment between
any part of the merozoite and the erythrocyte (1). The
merozoite reorients so that its apical end will be in
apposition to the erythrocyte. A junction then forms
between the apical end of the merozoite and the eryth-
rocyte (2).

Since each species of malaria will only recognize
erythrocytes from a limited range of host species, there
must be specific receptors for recognition (3-5). Eryth-
rocyte receptors for invasion have been partially char-
acterized for Plasmodium knowlesi, a monkey malaria
that also invades human erythrocytes (4, 5). Duffy
blood group negative human erythrocytes are refrac-
tory to invasion by P. knowlesi (6). The initial attach-
ment and apical reorientation, however, appear nor-
mal with Duffy-negative erythrocytes, but the parasite
is unable to form a junction with these erythrocytes
(7). Therefore the initial recognition between mero-
zoite and erythrocyte is probably unrelated to the
Duffy blood group system.

Wenow show that a monoclonal antibody to rhesus
erythrocyte band 3 and Fab fragments of the antibody
inhibit invasion of rhesus erythrocytes by P. knowlesi
merozoites. The antibodies, however, do not block ini-
tial attachment, an observation analogous to studies on
Duffy-negative human erythrocytes. This suggests that
both band 3, the major transmembrane protein of the
erythrocyte, and the Duffy blood group system are
involved in a step in invasion after initial attachment.

METHODS
Production of monoclonal antibodies. Erythrocytes in-

fected with P. knowlesi (H strain) (8) were obtained from
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infected rhesus monkeys. When the parasitemia was 5-20%
and the majority of schizonts contained more than six nuclei,
heparinized blood was drawn and placed over glass beads
to remove platelets and some leukocytes. The packed eryth-
rocytes were placed in 2 X 100-mm glass tubes and then
centrifuged 10 min at 1,300 g. The tube was broken at the
interface between the low density schizont-infected eryth-
rocytes and normal erythrocytes. The infected erythrocytes
were collected and used for immunization. A BALB/c mouse
was immunized intravenously with 108 schizont-infected
erythrocytes and 0.167 opacity units of Bordetella pertussis
( 108 organisms), followed by three weekly boosts of 108
schizont-infected erythrocytes intravenously without B. per-
tussis. The B. pertussis was inactivated with 0.01% thi-
merosal and freeze-dried for storage as lot 7b. Weobtained
B. pertussis from Dr. Charles R. Manclark, National Center
for Drugs and Biologics, Bethesda, MD20205 (available to
other scientists on request from Dr. Manclark).

3 d after the last immunization, spleen cells were fused
with the NS-1 myeloma line, a nonsecreting clone of
P3x63Ag8, according to the procedure described by Kohler
and Milstein (9) and Galfre et al. (10). After the cells were
grown overnight in HT selective media, they were plated
into two 24-well Costar plates (Costar, Data Packaging,
Cambridge, MA). When heavy growth had occurred 2 wk
later, the cells were inoculated into pristane-primed mice
and were grown as ascites tumors.

Ascites fluid from each mouse was screened for blocking
invasion of P. knowlesi to rhesus erythrocytes. The cells from
one ascites that blocked invasion were cloned (A9) and re-
cloned (A9DS) by limit dilution. Five A9 subclones tested
had the same erythrocyte specificity by immunoprecipita-
tion and inhibition of invasion. Therefore, A9 was probably
a clone. The studies in the present paper were performed
on A9 and one of the A9 subclones, A9D3. The monoclonal
antibody A9D3 was of the IgG2a subclass.

Immunoglobulin (Ig) purification and preparation of Fab
fragments. Ig purification of A9D3 was achieved by passing
the ascites over a column of protein A coupled to Sepharose
4B (Pharmacia, Uppsala, Sweden) according to Ey et al. (11)
and eluting the bound subclasses of Ig with a linear pH
gradient as previously described (12). The fractions con-
taining IgG2a were pooled and concentrated by Amicon fil-
tration with a PM10 filter (Amicon Corp., Scientific Systems
Div., Lexington, MA). Immunoelectrophoretic analysis dem-
onstrated that the fraction contained only IgG2a that was
primarily of hybridoma origin (i.e., only a single symmet-
rical arc was observed); IgG2a of host origin (i.e., a broad
asymmetrical arc) was not observed. Purified hybridoma
A9D3 was dialyzed against buffer containing cysteine and
Fab fragments were prepared by papain treatment accord-
ing to Porter (13), except digestion was limited to 1.5 h. The
resulting mixture was dialyzed against Tris-HCI, pH 8.0, and
then passed over a column of protein A-Sepharose to remove
any undigested, intact IgG and the Fc portion resulting from
digestion. The eluate of Fab fragments was concentrated by
Amicon filtration and further purified on a G200 molecular
sizing column. Purity of each fraction was assessed under
nonreducing conditions by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)' on 10% poly-
acrylamide gels.

'Abbreviations used in this paper: DMSO,dimethyl sulf-
oxide; PAGE, polyacrylamide gel electrophoresis; PBST,
phosphate-buffered saline with 0.5% Triton X-100; PDP,
pyridoxal phosphate.

An IgG2a monoclonal antibody (D5), which had no reac-
tivity with parasites or erythrocytes, was processed in par-
allel with A9D3 as our control for nonspecific toxicity.

Erythrocyte agglutination assay. Two drops of ascites,
purified IgG or Fab fragments of IgG at various dilutions
were added to one drop of a 2%erythrocyte suspension. The
cells were incubated at 37°C for 30 min, centrifuged for 15
s in an Immufuge (Dade Div., American Hospital Supply
Corp., Miami, FL) (1,000 g) and observed for direct agglu-
tination. The cells were then washed three times with phos-
phate-buffered saline (PBS)/0.01% albumin. Goat anti-mouse
IgG purified on a column of mouse lambda was added and
the cells were immediately centrifuged for 30 s in an Im-
munofuge. The pellet was observed for macroscopic and
microscopic agglutination.

Assay for blocking invasion. An assay of erythrocyte in-
vasion was performed with merozoites rupturing from ma-
ture schizont-infected erythrocytes in culture. A mixture of
50 jsl of schizont-infected erythrocytes (107/ml) and 50 I1
of erythrocytes (108/ml) from a normal rhesus monkey was
incubated in the presence of antibody in 400 pul of culture
medium (RPMI 1640 containing 11 mMglucose; 27 mM
NaHCO3; 30 mMHepes (pH 7.4), and 10% fetal calf serum)
gassed with 6% C02, 3% 02, and 91% N2. The cells were
rocked continuously with a Dade aliquot mixer (Dade Div.,
American Hospital Supply Corp.) for 3 h at 37°C. To de-
termine the erythrocyte invasion rate, the cells were washed
once with 100% fetal calf serum, pelleted, spread in a thin
film, and stained with Giemsa. The percentage of erythro-
cytes infected with ring forms, the young parasites, was de-
termined.

To test the effects of Fab fragments on invasion, eryth-
rocytes were preincubated with 1 ml of Fab fragments at
a dilution of 1:10 in PBS per 107 erythrocytes for 30 min at
37°C. The cells were centrifuged at 500 g for 5 min and
added to the invasion assay with various dilutions of fresh
Fab fragments.

In some experiments the Fab fragments were preabsorbed
with human and rhesus erythrocytes to determine their ef-
fects on invasion.

Attachment assay. Schizont-infected erythrocytes as pu-
rified above were cultured at 2 X 107 parasitized erythro-
cytes/ml with 50 ug/ml chymostatin (Sigma Chemical Co.,
St. Louis, MO) and 50 &g/ml leupeptin (Boehringer Mann-
hein Biochemicals, Indianapolis, IN). Chymostatin was dis-
solved in dimethyl sulfoxide (DMSO); the final concentration
of DMSOin culture was 0.5%. Leupeptin was dissolved in
RPMI 1640. After -3 h in culture at 37°C, 5 ml of culture
was centrifuged at 900 g for 5 min and resuspended in 1 ml
of RPMI 1640 to which 10 1A of rabbit anti-rhesus eryth-
rocyte serum was added (agglutination titer, 1:2,500). The
sample was shaken intermittently at room temperature for
5 min, then centrifuged at 1,000 g in an Immunofuge and
the agglutinated pellet was washed with 4 ml RPMI 1640.
Merozoites were released by the addition of 1 ml of RPMI
to the pellet and by forcing the sample 10 times through a
25-gauge needle with a 1-ml syringe. The sample was then
passed sequentially over two 4 X 0.5-cm columns of protein
A-Sepharose CL-4B (Pharmacia) to remove the unruptured
schizont-infected erythrocytes and erythrocyte membranes.
The RPMI 1640 eluant consisted of free invasive merozoites.
Attachment assays were done as previously described (7).
Briefly, cytochalasin B (Aldrich Chemical Co., Milwaukee,
WI) in DMSOwas added to 0.5 ml of merozoites to give a
final concentration of cytochalasin B of 10 jug/ml in 0.1%
DMSO. Rhesus erythrocytes at 108/ml in complete media
with 10% fetal calf serum were preincubated for 5 min with
the appropriate monoclonal antibody or control (monoclonal
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antibody 709) at dilutions stated in Table II. 50 Ml of eryth-
rocytes were added to 0.5 ml of the merozoite suspension
to which the monoclonal antibody was added. The samples
were agitated for 10 min at 37°C. The samples were fixed
with an equal volume of 4% glutaraldehyde in 0.15 MNaCl,
10 mMsodium phosphate, pH 7.4. Rates of attachment were
quantified by counting the number of merozoites attached
per 1,000 erythrocytes.

Radioiodination of erythrocytes (14). 5 X 108 freshly
drawn rhesus erythrocytes were washed five times with PBS,
pH 7.4. The cells were resuspended in 1,000 ul PBS to which
was added 50 ul lactoperoxidase in PBS (1 mg/ml), 300 MCi
carrier-free Nal25I (1.7 Ci/mg) (New England Nuclear, Bos-
ton, MA), and 50 Ml hydrogen peroxide (0.0006% in PBS).
50 MAl hydrogen peroxide was added four times at 1-min
intervals. The cells were washed three times in PBS.

Radiolabeling of erythrocytes with periodate and NaB3H4
(15). 10' Freshly drawn rhesus erythrocytes were washed
five times with PBS. The cells were resuspended in 100 Ml
PBS containing 2 mMI04, and stored in the dark on ice for
20 min. The cells were washed two times with PBS, resus-
pended in 2 ml PBS containing 20 mCi NaB3H4, and stored
in the dark on ice for 20 min. The cells were then washed
three times with PBS.

Radiolabeling of erythrocytes with pyridoxal phosphate
(PDP) (16). Humanand monkey erythrocytes were washed
10 mMHepes, pH 7.4, 150 mMNaCl. After removal of the
supernatant, 100 Ml of 10 mMPDPin Hepes (7.4)/NaCl was
added to the pellet containing 5 X 108 cells. The PDP-cell
suspension was incubated for 20 min at 370C in the dark.
The cells were washed twice with Hepes (pH 8.0)/NaCl at
4°C. The cells were resuspended in 0.5 ml Hepes (pH 8.0)/
NaCl at 0°C. 20 Ml of NaB3H4 (5.0 Ci/mmol, The Radio-
chemical Center, Amersham Corp., Arlington Heights, IL)
(10 mCi) in 0.01 N NaOHwas added, The sample mixed,
and incubated for 30 min at 0°C in the dark. The cells were
washed in cold PBS and extracted with 1% Triton X-100.

Detergent extraction of labeled cells. Erythrocytes la-
beled with 1251 or 3H were suspended in 1 ml PBS containing
1% Triton X-100 and protease inhibitors 2 mMphenyl-meth-
ylsulphonyl fluoride, 1 mMp-tosyl-2-lysine chloromethyl
ketone, and 1 mMEDTA (Sigma Chemical Co.). The sus-
pensions were incubated on ice for 1 h with intermittent
mixing and centrifuged at 12,000 g for 15 min at room tem-
perature in an Eppendorf centrifuge 5412. Soluble extracts
were stored at -70°C and used for studies described below.

Immunoprecipitation. 100 Ml-labeled extracts of rhesus
or human erythrocytes were preadsorbed with 100 ML of 50%
vol/vol protein A-Sepharose CL-4B (Pharmacia) that had
been washed with PBS containing 1% Triton X-100. 2 X 105
cpm of preadsorbed '251-rhesus erythrocyte extract, 1 X 106
cpm of the preadsorbed 3H-rhesus erythrocyte extract la-
beled with periodate/NaB3H4, or 3 X 105 cpm of the pread-
sorbed rhesus or human erythrocyte extracts labeled with
PDP were mixed with 5 Mul of ascites fluid containing the
monoclonal antibody (A9D3 in a total volume of 100 Ml PBS
containing 0.5% Triton X-100 [PBST]). Ascites fluid induced
by myeloma line P3 X 63 was used as a control. Mixtures
were incubated for 45 min at room temperature on a Dade
aliquot mixer (Dade, Div., American Hospital Supply Corp.).
100 Ml (50% vol/vol) protein A-Sepharose was added to each
tube and incubation was continued for an additional 45 min.
All tubes were washed twice with 3 ml PBSTcontaining 10%
fetal bovine serum, followed by one wash with PBST con-
taining 0.65 Msodium chloride. After two final washes with
PBST, the protein A-Sepharose beads were transferred to 1.5
ml Eppendorf tubes.

Immune complexes were eluted from protein A-Sepharose

by incubating them with 100 ul electrophoresis sample
buffer for 30 min at 56°C. The sample buffer contained 5%
SDS; 62.5 mMTris-HCI, pH 6.8; 10% glycerol; 0.001% bro-
mophenol blue; and 2% 2-B3-mercaptoethanol. Eluates were
electrophoresed on 5-15% polyacrylamide gradient slab gels
as described by Laemmli (17). The gels were fixed in 10%
trichloroacetic acid, stained with Coomassie Blue R-250, and
prepared for autoradiography or fluorography (18). Standard
molecular weight markers included myosin, ,B-galactosidase,
phosphorylase B, bovine serum albumin, and ovalbumin
(200, 116, 94, 66, and 45 kD, respectively; Bio-Rad Labo-
ratories, Richmond, CA).

Immunoabsorption of band 3. Rhesus erythrocytes were
labeled as above by lactoperoxidase catalyzed radioiodina-
tion. The cells were lysed by adding 40 vol of 5 mMsodium
phosphate, pH 8.0, to 1 vol of packed erythrocytes at 4°C.
The ghosts were washed three times with 5 mMsodium phos-
phate, pH 8.0, at 4°C and extracted in 1% Triton X-100 (5
x 10' ghosts/ml Triton X-100). After 1 h at 4°C, the eryth-
rocyte skeleton was removed by centrifugation at 48,000 g
for 10 min. The supernatant was used for immunoabsorption.

0.5 ml of ascites containing monoclonal antibody A9 was
incubated with 0.2 ml of protein A-Sepharose for 1 h. The
beads were washed three times to remove unbound material
from the ascites. The labeled, Triton-extracted ghosts (75
Ml) were incubated with the protein A-Sepharose for 18 h
at 4°C. The unbound supernatant was then added for 1 h
to 40 Ml of protein A-Sepharose that had no antibody bound.
This step was to remove any immune complexes that had
come off the beads during the first step of absorption with
A9-protein A-Sepharose. The supernatant from the second
step of absorption was run on SDS-PAGE. The control was
run parallel and used another IgG2a monoclonal antibody
that did not react with rhesus erythrocytes (13C11).

Assay of sulfate exchange in the presence of monoclonal
antibodies A9 and A9D3. Loading procedure and rate of
exchange of sulfate in erythrocytes was determined accord-
ing to Schnell et al. (19). Freshly drawn rhesus and human
blood were washed five times with PBS, pH 7.4. To exchange
the intracellular ion content of erythrocytes with sulfate,
cells were resuspended in sulfate buffer containing 110 mM
Na2SO4 and 20 mMHepes, pH 6.4. The suspension, at a cell
concentration of 20%, was incubated at 370C for 30 min.
The cells were then washed, resuspended in the same buffer
and incubated as above. The cell suspension was then con-
centrated to a 40% hematocrit in a final volume of 15 ml.
The loading procedure was started by the addition of 300
MCi [35S]Na2SO4. Cells were incubated at 37°C for 1 h. The
loaded cells were then pooled and washed four times in 20
vol of sulfate buffer. Cells were packed and stored in ice for
further use. Monoclonal antibodies A9 and A9D3 were added
at the dilution of 1:100 to 1:1,000 and incubated for 1 h
at 40C.

Exchange assay was begun by diluting 125 MA of the above
packed cells into 10 ml of sulfate buffer at 30°C, containing
the antibodies at the same dilutions. At 2-min intervals, 0.5
ml of the above suspension was withdrawn into precooled
polyethylene microfuge test tubes. The suspensions were
then centrifuged and the supernatants were assayed for ra-
dioactivity, using Aquasol scintillation fluid (New England
Nuclear).

RESULTS

Monoclonal antibody A9 directly agglutinated rhesus
erythrocytes with a titer of 1:100; A9D3, a subclone
of A9, caused no direct agglutination at a 1:10 dilution.
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TABLE I
Effect of Anti-Rhesus Erythrocyte Monoclonal Antibodies A9 and A9D3 and an Unrelated Monoclonal Antibody (D5) on Invasion

of Rhesus and Human Erythrocytes by P. knowlesi Merozoites

Rhesus
erythrocyte Invasion of rhesus erythrocytes' Invasion of human erythrocytes

agglut-
nation 1:201 1:40 1:100 1:1,000 1;10,000 1:201 1:40 1:100 1:1,000 1:10,000

% of control

A9 ascites 1:107 ND ND 27 10 23 ND ND 78 88 97
A9D3 ascites 1:106 ND ND 34 55 138 ND ND 104 86 75
A9D3 purified§

(3.0 mg/ml) 1:106 36 23 49 86 98 82 76 95 98 113
D5 purified§

(3.0 mg/ml) 143 131 62 118 96 84 78 90 106 115

ND, not done.
' The control invasion rates were 6.7 and 26% for human and rhesus erythrocytes, respectively.
I Dilution of antisera for the invasion assay.
§ The monoclonal antibodies (IgG) were purified on a protein A-Sepharose column.

The indirect agglutination titers for A9 and A9D3 with
goat anti-mouse Ig were 1:106 and 1:105, respectively.
A9 also agglutinated erythrocytes of another Old
World monkey, Macaca fascicularis (the kra monkey),
at a titer of >1:105 (indirect agglutination titer). A9
did not agglutinate human, chimpanzee, or Aotus tri-
virgatus (a New World monkey) erythrocytes when
tested at a titer of 1:10 by the direct or indirect ag-
glutination test. Thus, the monoclonal antibody ap-
peared specific for a determinant on Old World mon-
key erythrocytes.

Both A9 and A9D3 inhibited invasion of P. knowlesi
merozoites into rhesus erythrocytes (Tables I and II).
Attachment rates performed with cytochalasin-treated
merozoites were similar in the presence or absence of
antibody (Table II). Erythrocytes with attached mer-
ozoites appeared different, however, in the presence
of antibody as compared with the controls. Erythro-
cytes in the absence of antibody became swollen (data
not shown) and crenated (Table II). These morphologic
changes were rarely observed in antibody-coated
erythrocytes.

It was important to demonstrate that the reduced
invasion in the presence of monoclonal antibody did
not result from an antibody effect on schizont-infected
erythrocytes or from nonspecific toxic factors. The in-
vasion assay is performed by mixing schizont-infected
erythrocytes as a source of merozoites with normal host
erythrocytes and antibody. The schizont within the
erythrocyte must reach full maturation by forming
individual, healthy merozoites; the merozoites must
be released from the erythrocyte at the time of eryth-
rocyte lysis; and the extracellular merozoites must re-
main healthy until they contact and invade a host
erythrocyte. Toxic factors may interfere nonspecifi-

cally with any of the steps. To test for nonspecific ef-
fects, we studied invasion of human erythrocytes in
parallel with studies of rhesus erythrocytes, since the
monoclonal antibody does not bind to human cells. A9
and A9D3 inhibited invasion of monkey erythrocytes
at high dilutions of antibody (Table I). In comparison,
the effect on invasion of human erythrocytes was min-
imal and variable as the sera were diluted. Further-
more, D5, a control monoclonal antibody that had no
antibody activity against erythrocytes or parasites
caused the same small reduction in invasion of human

TABLE II
Effect of Anti-Rhesus Erythrocyte Monoclonal Antibodies

A9 and A9D3 and an Unrelated Monoclonal Antibody
(709) on Attachment of Cytochalasin-treated

Merozoites to Rhesus Erythrocytes

Attachment

Merozoites per
1,000 erythrocytes Crenation Invasiont

A9 ascites, 1;1,000 150 0.3 1.8
A9D3 ascites, 1:100 131 0 2.8
709 ascites, 1:100 151 7 15.8
709 ascites, 1:1,000 138 11 ND
Medium 134 13 17.6

ND, not done.
e Percentage of erythrocytes with merozoites attached that cre-
nated.
t Invasion and attachment were performed simultaneously. How-
ever, the merozoites for invasion were not treated with cytochalasin.
Invasion is expressed as the percentage of erythrocytes infected
with ring forms.
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erythrocytes. As further evidence for specific inhibi-
tion of invasion, we found that A9D3 ascites preab-
sorbed with rhesus erythrocytes had no inhibitory ef-
fect on invasion. The fact that A9 ascites was active
at higher dilutions than A9D3 was a consistent finding
in other experiments (data not shown) and correlated
with the higher agglutination titer of this ascites. We
also tested the invasion rate of erythrocytes coated
with antibody and then washed so that the concentra-
tion of toxic substances or free antibody that was avail-
able to interact with schizont-infected erythrocytes or
merozoites would be greatly reduced. The invasion
rate of these antibody-coated erythrocytes was re-
duced (Data not shown). Weconclude that the mono-
clonal antibody acted specifically to inhibit invasion
by binding to an erythrocyte determinate; toxicity to
the parasite was excluded by these experiments.

Although it was evident that the antibody effect was
specific for rhesus erythrocytes, the antibody may have
caused an indirect effect on invasion by cross-linking
determinates on the erythrocyte surface. This cross-
linking could cause reorganization of membrane com-
ponents, cover unrelated determinates, and even cause
indirect effects on the cytoskeleton. We therefore
tested Fab fragments of A9D3 for their effect on in-
vasion. Wepurified the Fab fragments on a G200 col-
umn to decrease nonspecific toxic effects and to remove
any undigested IgG. The column-purified Fab was

enriched in that protein over other proteins and con-
tained no F(ab')2 or IgG.

The A9D3 monovalent Fab fraction agglutinated
rhesus erythrocytes in the indirect Coombs reaction
and inhibited invasion of rhesus erythrocytes (Table
III). Evidence that the effect of A9D3 Fab was specific
were threefold. First, A9D3 Fab preabsorbed with rhe-
sus erythrocytes had no inhibitory activity; A9D3 Fab
preabsorbed with human erythrocytes had full inhib-
itory activity. As would be expected, Fab preabsorbed
with rhesus erythrocytes no longer agglutinated rhesus
erythrocytes. Fab preabsorbed with human erythro-
cytes had the same titer (1:103 as unabsorbed Fab
(Table III). Therefore, only rhesus erythrocytes could
remove the inhibitory activity from the A9D3 Fab.
Second, the column-purified A9D3 Fab had no inhib-
itory activity against invasion of human erythrocytes.
If the Fab had been toxic to the parasite, the invasion
of human erythrocytes would have been suppressed.
Third, the D5 Fab, an antibody with no antierythro-
cyte or antiparasite activity, had no effect on invasion
of rhesus erythrocytes.

The erythrocyte component to which the mono-
clonal antibody was directed was determined by im-
munoprecipitation of erythrocyte surface components
solubilized in Triton X-100. Only band 3 was immu-
noprecipitated from PDP/NaB3H4-labeled rhesus
erythrocytes; no proteins were precipitated from hu-

TABLE III
Effect of Fab Fragments of Monoclonal Antibodies A9D3 and D5 on Invasion of Rhesus and

Human Erythrocytes by P. knowlesi Merozoites

Rhesus
erythrocytes Dilution of Invasion of rhesus Invasion of human

Antibody agglutination titer antibody erythrocytes erythrocytes

% of control

D3 Fab (1.4 mg/ml) 1:103 1:20 43±2.2 (4)t 76±12.3 (4)
1:40 50±3.3 (4) 95±5.9 (4)

Purified D3 Fab§ (1.1 mg/ml) 1:103 1:20 49±10.5 (2) 96±10.5 (2)
1:40 53±6.5 (2) 104±7.5 (2)

Purified D3 Fab preabsorbed <1:10 1:20 109±14.0 (2) 89±5.0 (2)
with rhesus erythrocytes"l 1:40 97±2.9 (5) 86±1.9 (4)

Purified D3 Fab preabsorbed 1:10- 1:20 50±5.5 (2) 84±4.0 (2)
with human erythrocytes"l 1:40 57±4.2 (4) 93±9.3 (4)

D3 Fab (0.23 mg/ml) <1:10 1:20 96±4.1 (4) 100±9.7 (4)
1:40 95±2.2 (4) 96±7.9 (4)

The control invasion rates were 4.5 and 9.5% for human erythrocytes and 27 and 35% for rhesus
erythrocytes, respectively.
I Data represent mean±SE. The number of experiments for each condition is given in parentheses.
§ A9D3 Fab was purified on a G200 column.

The purified A9D3 Fab was absorbed with rhesus or human erythrocytes before use in the invasion
assay.
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FIGURE 1 Fluorogram of SDS-PAGEof PDP/NaB3H4-labeled human (a) and rhesus (b) eryth-
rocytes. Band 3 is the broad band with an Mr of -97,000. Triton X-100 extracts of labeled
human (c and e) and rhesus (d and b) erythrocytes were incubated with monoclonal antibody
A9D3 (c and d) and myeloma ascites control (e and f). Note the specific precipitation of rhesus
band 3 in lane d. The bromophenol blue dye front (B0B) and molecular weight standards are
marked on the left side of the figure.

man erythrocytes labeled in parallel (Fig. 1). Band 3
was also immunoprecipitated from rhesus erythrocytes
labeled by lactoperoxidase-catalyzed radioiodination
(data not shown). Rhesus erythrocyte sialoglycopro-
teins labeled with periodate/NaB3H4 were not im-
munoprecipitated by A9D3.

Further evidence that A9 recognized an epitope on

band 3 was the immunoabsorption of band 3 from
Triton X-100-extracted ghosts. Ghosts of erythrocytes
labeled by lactoperoxidase-catalzyed radioiodination
and extracted with Triton X-100 were absorbed with
A9-protein A-Sepharose or a control IgG2a monoclonal
antibody bound to protein A-Sepharose. Band 3 and
a broad band with an Mr of -200,000, a band 3 dimer
(see Discussion), was specifically removed by A9 (Fig.
2). A minor sharp band that comigrated with the upper

part of band 3 was not removed.
Since band 3 functions in anion transport, it was

possible that the effect of antibody on invasion was

caused by an indirect effect on transport. Two studies
excluded this possibility. First, we treated rhesus
erythrocytes with 50 gM DIDS (4,4'-diisothiocyano-
2,2'-disulfonic acid stilbene, Pierce Chemical Co.,
Rockford, IL). Although sulfate exchange was blocked,
DIDS-treated erythrocytes were invaded normally.

Second, monoclonal antibodies A9 and A9D3 had no

effect on anion transport as measured by Na2SO4 ex-

change of antibody-coated rhesus erythrocytes.

DISCUSSION

Weidentified a monoclonal antibody specific for band
3 of rhesus erythrocyte membranes that inhibited in-
vasion of these erythrocytes by P. knowlesi merozoites.
The evidence that the monoclonal antibody recognized
an epitope on rhesus erythrocyte band 3 was twofold.
First, the monoclonal antibody immunoprecipitated
band 3 from Triton X-100 extracts of rhesus eryth-
rocytes labeled by PDP/NaB3H4 and by lactoperoxi-
dase-catalyzed radioiodination. Second, the mono-

clonal antibody bound to protein A-Sepharose re-

moved band 3 and a broad band with an Mr of
-200,000. This M,-200,000 protein is probably a

band-3 dimer, as purified band 3 in Triton X-100 forms
aggregates that are resistant to SDS (see Fig. 2 C in
reference 20). Since the band-3 dimer is completely
removed, it is likely that the unabsorbed sharp band
in the upper part of the band 3 region is a comigrating
protein unrelated to band 3.

The effect was specific and not caused by nonspecific
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FIGURE 2 Autoradiogram of SDS-PAGE of Triton X-100-
extracted rhesus erythrocyte ghosts labeled as intact cells by
lactoperoxidase-catalyzed radioiodination (a). The Triton X-
100 extract was immunoabsorbed with monoclonal antibody
A9 bound to protein A-Sepharose (b) or with a control IgG
2a monoclonal antibody bound to protein A-Sepharose (c).
Molecular weight standards as in Fig. 1.

toxic effects on the parasite, since preabsorption with
rhesus erythrocytes removed the inhibitory activity.
Absorption with human erythrocytes did not reduce
the invasion blocking effect of the sera. Furthermore,
column-purified Fab fragments of A9D3 that inhibited
invasion of rhesus erythrocytes had no effect on in-
vasion of human erythrocytes. Since the antibody was
specific for Old World monkey erythrocytes, the fail-
ure to affect invasion of human erythrocytes indicated
that the purified Fab was not toxic.

Fab fragments of polyspecific antisera have been
used to identify receptors for cell-cell recognition in
various developmental systems (21-23). The assump-
tion in these studies has been that although the anti-
body is directed against many components on the sur-
face, only those binding to the receptor component
will inhibit cell-cell interaction. Weare making a sim-
ilar assumption in the malaria system that, if a mono-
clonal Fab fragment inhibits invasion, it is bound to
a component involved in invasion.

The invasion process follows a sequence that in-

cludes initial attachment between any part of the mer-
ozoite and the erythrocyte (1), reorientation to apical
attachment (7), junction formation between the apical
end of the merozoite and the erythrocyte (2), forma-
tion of a parasitophorous vacuole continuous with the
erythrocyte membrane (24), movement of the junction
around the merozoite bringing the merozoite into the
vacuole (2), and sealing of the vacuole at its orifice.
Wehave now identified two erythrocyte surface de-
terminants involved in invasion of erythrocytes by P.
knowlesi: the Duffy blood group system (see reference
25 for review) and band 3. The Duffy blood group
system is believed to be involved in junction formation,
since the recognition and apical reorientation is iden-
tical for both Duffy-positive human erythrocytes and
Duffy-negative erythrocytes (7). Junction formation
and invasion does not occur, however, with Duffy-neg-
ative human erythrocytes (7). Definition of the role for
band 3 in the complex interaction between parasite
and erythrocyte during invasion is unknown. It should
be noted that, as in the case of Duffy-negative human
erythrocytes (7), antibodies to rhesus erythrocyte band
3 had no effect on the attachment rate. Antibody-
coated cells, however, rarely swelled after attachment,
a commonoccurence in control cells. This may reflect
abnormalities in the subsequent steps in invasion: junc-
tion formation and the creation of a vacuole.

Previous observations on the invasion process may
relate to band 3. First, chymotrypsin that cleaves band
3 (26) completely blocks invasion of P. knowlesi into
human erythrocytes (5). Furthermore, on direct ob-
servation, no attachment, deformation, or interaction
of any kind occurred between merozoites and chy-
motrypsin-treated human erythrocytes (1). The rela-
tion of this observation to band 3 is complicated by
the fact that chymotrypsin also destroys Duffy a and
Duffy b activity (6). The second observation was the
fact that intramembranous particles of the erythrocyte
membrane are reorganized into a rhomboidal array
in the junctional region (24). Since the intramembra-
neous particles of the erythrocyte membrane are
formed by band 3 (27), the rearrangement may be due
to binding of the merozoite to erythrocyte band 3.

Band 3 is a major transmembrane glycoprotein of
the erythrocyte membrane and functions in anion
transport (26). It is interesting that the glycophorins,
the other major group of glycoproteins of the eryth-
rocyte membrane, are probably involved in invasion
by P. falciparum (28-31). The glycophorins are not
involved in invasion by P. knowlesi; trypsin treatment
of erythrocytes that cleaves glycophorin A and En(a-)
erythrocytes that lack glycophorin A are invaded nor-
mally by P. knowlesi (28). The two malarias studied
to date use the most common proteins on the eryth-
rocyte surface, invade erythrocytes of all ages and
reach high parasitemias. Whether malarias that are
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restricted to reticulocytes, such as Plasmodium vivax,
utilize other erythrocyte surface determinants for rec-
ognition that disappear as the erythrocyte matures is
yet to be determined.
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