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OPTIMIZATION AND INHIBITION OF THE ADHERENT ABILITY OF PLASMODIUM
FALCIPARUM-INFECTED ERYTHROCYTES
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The vast majority of the 1-2 million malaria associated deaths that occur each year are due
to anemia and cerebral malaria (the attachment of erythrocyles containing mature forms of
Plasmodium falciparum to the endothelial cells that line the vascular beds of the brain). A “model
system” for the study of cerebral malaria employs amelanotic melanoma cells as the “target”
cells in an in vitro cytoadherence assay. Using this model system we determined that the optimum
pH for adherence is 6.6 to 6.8, that high concentrations of Ca’* (50mM) result in increased levels
of binding, and that the lype of buffer used influences adherence (Bis Tris> MOPS> HEPES>
PIPES). We also observed that the ability of infected erythrocyles to cyloadhere varied from
(érythrocyte) donor to donor. We have produced murine monoclonal antibodies against P.
falciparum-infected red cells which recognize modified forms of human band 3. these inhibit the
adherence of infected erythrocytes to melanoma cells in a dose-responsive fashion. Antimalarials
(chloroquine, quinacrine, mefloquine, artemisinin), on the other hand, affected adherence in an
indirect fashion i.e. since cytoadherence is due, in part, to the presence of knobs on the surface
of the infected erythrocyte, and knob formation is dependent on intracellular parasite growth,
when plasmodial development is inhibited so is knob production, and consequently adherence is

ablated.
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More than 100 years ago the hallmark of In 1981 Udeinya et al. reported the devel-

Plasmodium falciparum infections was identi-
fied: only erythrocytes containing ring-stage
parasites and gametocytes are found in the pe-
ripheral circulation (Bignami & Bastianell;,
1890). Sequestration, the attachment of eryth-
rocytes infected with mature stages parasites to
endothelial cells lining the post-capillary
venules, is responsible for the absence of these
stages from the peripheral blood. The principal
organs in which sequestration takes place are
the heart, lung, kidney, and hver (Aikawa et
al.,, 1990; Pongponratn et al., 1991). Sequestra-
tion in the brain microvessels — a special pa-
thology of P. falciparum infections called cere-
bral malaria — may totally occlude blood flow,
and result in confusion, lethargy, and deep coma
(MacPherson et al., 1985; Warrell, 1987,
Howard & Gilladoga, 1989).
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opment of an in vitro model for sequestration.
Using cultured human umbilical vein endothe-
lial cells (HUVECs) overlain by a suspension
of P. falciparum-infected red cells, followed
by microscopic examination of the HUVECs,
they were able to show a specific adherence of
infected red cells (1IRBCs) to the monolayer of
target cells. They also noted that not all
HUVECs bound iRBCs. (The basis for this still
remains to be described). The lack of availabil-
ity of a continuous HUVEC line, and the high
degree of variability in HUVEC adhesiveness
— presumably due to differences in individual
donors as well as changes associated with the
number of passages in culture — prompted a
search for other cytoadherent target cells.
Schmidt et al. (1982) screened 18 cell types
and found the C32 amelanotic melanoma cell
(ATCC CRLI1585), a continuous cell line, to
have a greater cytoadherent capacity than
HUVECs. Stage specificity for in vitro adher-
ence to melanoma cells and HUVECs matched
that observed irn vivo.: red cells bearing mature
trophozoites (24+hr) and early schizonts (36hr)
were the most adherent (Schmidt et al., 1982;
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Marsh et al., 1988). Uninfected red cells and
erythrocytes containing ring-stage parasites
were non-adhesive. The cytoadherence assay
described by Udeinya et al. (1981) has since
been modified by several workers (Sherman &
Valdez, 1989; Udeinya et al., 1985; Wright et
al., 1990; David et al., 1983; Marsh et al., 1988)
and used 1n the hope of better defining the
causes of cerebral malaria. However, with this
in vitro assay considerable variation in the
degree of binding was observed both in labo-
ratory cultures and with blood obtained from
malaria patients; this variability was neither
related to the initial parasiternia nor adaptation
to culture conditions. In a study carried out in
the Gambia using amelanotic melanoma cells
as the targets no correlation was found between
the binding capacity of infected cells from
subjects with cerebral malaria and those with
uncomplicated malana (Marsh et al., 1989). A
second study with Thai patients (Ho et al., 1991)
also found no correlation between the degree
of adherence and cerebral malaria, although
cytoadherence was greater for isolates from
individuals with severe malaria. The present
work reports on attempts to optimize the

cytoadherence assay and to elucidate some of

the environmental and cellular factors that may
contribute to sequestration and to the develop-
ment of cerebral malaria.

MATERIALS METHODS

Chemicals and cell culture - The antima-
larials chloroquine diphosphate and quinacrine
hydrochloride and the buffers MOPS, MES,
PIPES, and Bis Tris were obtained from Sigma
(St. Louss, Mo.), HEPES was purchased from
JR Scientific (Woodland, Ca.). Calcium chlo-
ride and calcium lactate were from Matheson,
Coleman and Bell (Cincinnati, Ohio). Meflo-
quine hydrochloride was obtained through the
courtesy of Dr Wilbur Milhous, Walter Reed
Army Institute for Research (Washington,
D.C.). Artemisinin was obtained from Polys-
ciences (Warington, Pa.) and was prepared as
a 10°M stock in dimethylsulfoxide (DMSO).

Human erythrocytes were obtained by
venipuncture of human donors. Blood was col-

lected into Vacutainer tubes and stored at 4 °C
until needed. Before being used in cultures the

red cells were washed 3X in RPMI 1640 me-
dium and then were stored at 4 °C. All red cells
were used within 3 days of washing, and
samples of different donors to be used in a
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single experiment were washed at the same
time. All P. falciparum lines (ItG2, Ituxi, from
Brazil; FCR-3 from the Gambia; and B6Bé+
(Biggs et al., 1990), derived from ItG2) were
cultured in O human red cells with 10% (v/v)
human serum, and HEPES buffered RPMI 1640
(Trager & Jensen, 1976) supplemented with
d0uM hypoxanthine. The knobby status of the
various lines was maintained by subjecting
IRBCs to gelatin flotation (Pasvol et al., 1978);
the “floating™ fraction was subcultured in the
case of knobby (K') lines FCR-3 and ItG2,
whereas the pellet was subcultured in the case
of the knobless (K°) line B8B6+. The C32
amelanotic melanoma cell line was grown ac-

cording to established procedures (Sherman &
Valdez, 1989).

Cytoadherence assay — Melanoma cells were
seeded at 1 X 10* cells/ml onto each well of a
sterile 12 well microscope slide (Celline,
Newfield, New Jersey) until the fluid formed a
bead (approximately 20ul). After seeding, the
slide was incubated in a humidified chamber at
37 °C for 24 h. Fixation of melanoma cells was
accomplished by decanting the fluid from the
sltde before being placed in 3-5 day old form-
aldehyde fixative (1% paraformadehyde (w/v)
(Sigma), 4% (w/v) sucrose in 0.1M sodium
cacodylate (Polyscience), pH 7.0). The
cytoadherence assay consisted of a HEPES/
RPM1 rinsed slide bearing the fixed melanoma
cells being placed in a plastic box with 6 (3.5cm
X 10.5¢cm) fluidtight compartments (Vichek
Plastics, Ohio). Remaining rinse liquid was as-
pirated ofl before the addition of 5ml of liquid
containing 400 pul of human red blood cells
infected with P. falciparum.The parasitemia was
5-10%, and within each experiment a common
pool of infected blood was used. Slides were
incubated in moist air at ambient temperature
(usually 27 °C) for 90 min, and the blood cells
were Kept in suspension by agitation on a rock-
ing table (Bellco). After incubation, the slides
were retrieved, and nonadherent cells removed
oy dipping the slides in a series of three bea-
kers containing 100-200 ml of HEPES/RPML.
The slides were fixed in 0.5% (v/v) glutaralde-
hyde, 4% (w/v) sucrose in 0.1M sodium
cacodylate (pH 7.0) for 15-30 minutes at room
temperature. After fixation the slides were
stained overnight with Giemsa stain (10%). The
number of infected ertythrocytes and melanoma
cells was determined by counting the number
of iIRBCs and melanoma cells in several fields
distributed across the slide. Counting of cells
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was continued until either 300 melanoma cells
or 900 iRBCs had been observed. If uninfected
erythrocytes made up more than 5% of the
bound erythrocyte population the entire experi-
ment was rejected. Buffers of indicated pH (see
figure legends) were prepared by adjusting each
buffer solution to the lowest pH shown and

then removing aliquots as the pH was adjusted
upward with 0.IN NaOH.

Immunizations and monoclonal antibody
production — Monoclonal hybridoma antibod-
ies were produced according to Zola & Brooks
(1982). Briefly, 1-2 x 107 iRBCs (60%
parasitemia) with mature forms (trophozoites
and schizonts) of the FCR3-3 strain were In-
jected intraperitoneally into BALB/c mice ev-
ery week for a total or three injections. A final
boost, with the same number of parasites, was
given intravenously 72 h before the mice were
sacrificed. Spleen cells were fused with the
mouse P3-X63-Ag8.653 cell line and selection
of hybridomas with hypoxanthine-aminopterin-
thymidine medium was as previously described
(Kohler & Miistein, 1975). Growing colonies
were screened for the production of antibodies
to iIRBC (FCR-3 and ItG2) membranes by an
indirect immunofluorescent assay (Winograd &
Sherman, 1989; Crandall & Sherman, 1991).
All colonies were subcloned twice by limiting
dilution, and the immunoglobulin class and
subclass were determined by using a kit from
Sangstat Medical (Menlo Park, Ca.). Ascttes
fluid was produced by injecting 4 x 10° hybri-
doma cells into the peritoneal cavity of Pristane
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Fig. 1: adherence vs. pH: human blood containing ma-
ture forms of the Plasmodium falciparum strain FCR-3
was suspended in 5ml of 25mM Bis Tns /155mM NaCl
and was incubated with formalin-fixed melanoma cells.
The ratio of infected erythrocytes to melanoma cells is
indicated on the y axis and the pll of the incubation
solution is indicated on the x axis.
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(2,6,10,14-tetramethylpentadecane) primed
BALB/¢c mice.

Inhibition of cytoadherence — Infected red
cells (FCR-3) were exposed to antimalarals:
antimalarials were added to cultures containing
8 h old ring-stage parasites, and incubated for
8-12 h; antimalarials were also incubated for
up to 6 h with red cells containing trophozoi-
tes. In addition, antimalarials were added dur-
ing the time period when schizont or trophozo-
ite-infected cells were in contact with mela-
noma cells, that is, during the time of the bind-
Ing assay.

The monoclonal antibodies 4A3 and 1C4
(Winograd & Sherman, 1989; Crandall &
Sherman, 1991) were added directly to the ad-
hesion buffer, and allowed to interact for the
90 min assay perniod.

RESULTS

Influence of buffer, pH, and calcium levels
on cytoadherence — Maximum binding for the
knobby FCR-3 line was observed at pH 6.9,
and the number of cytoadherent cells dropped
off abruptly when the pH of the binding buffer
was increased to 7.0 and above (Fig. 1). This
is in agreement with the results of Marsh et al.
(1988) using melanoma cells, but 1s different
from the findings of Udeinya et al. (1989) with
HUVECs. In the present work when the pH
was decreased below 6.8, the degree of binding
diminished, but this decline was less dramatic
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Fig. 2: the effect of varying pH of the medium on the
ability of three strains to adhere: human erythrocytes
infected with the strains FCR-3 (a), B8B6+ (m), and
G2 (@), were allowed to adhere to formalin-fixed mela-
noma cells. The erythrocytes were suspended in 25mM
Bis Tris /155mM NaCl that was adjusted to the pH 1ndi-
cated on the x axis.
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than when the pH was greater than 7.0. Below
pH 6.0 and above pH 7.2, we observed a small
number of bound iRBCs, consistent with ran-
dom (nonspecific) background binding. The pH
optimum for binding was similar for the FCR-
3 line, the ItG2 (a knobby, cytoadherent) line
and the B8B6+ (a knobless, cytoadherent) line
(Fig. 2). The optimum pH range for cytoa-
dherence (6.2-6.8) was lower than the optimum
pH range (7.0-7.4)) for in vitro parasite growth.
The parasite growth medium (HEPES/RPMI
1640) contains 25mM HEPES buffer to pre-
vent changes in pH due to the production of
lactic acid by the parasites. Although the pKa
of HEPES, 7.5, is suitable for tissue culture
work, 1n the pH range at which maximal
cytoadherence was observed to take place
HEPES 1s a poor buffer (Good & Izawa, 1968).
Therefore the ability of iRBCs to cytoadhere in
various biological buffers was examined to
determine whether the type of buffer affected
cytoadherence. Binding was best in Bis Tris,
whereas other buffers (including HEPES) were
distinctly inferior (Fig. 3). Addition of serum
(up to 15%) did not affect binding in Bis Tris
(data not shown). The effect of varying the
Ca** concentration in the bindirig buffer was
also determined. Maximal cytoadherence was
observed when the concentration of Ca** was ~
50mM; higher concentrations of Ca®* (in the
form of CaCl,) resulted in decreased cy-
toadherence (Fig. 4, top). The lines B8B6+ and
[tG2 responded to Ca®* levels in the same way
as FCR-3 (Fig. 4, bottom) (Ca?* in the form of
calcium lactate also increased adhesion, but
unlike CaCl, did not inhibit binding at concen-
trations > 50mM). Varying the amount of the
divalent ion Mg?* (ImM to 70mM), or the
monovalent ion K* (10mM to 160mM) in the
medium had no effect on binding. In order to
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Fig. 3: the effect of vanous buffers on adherence: hu-
man erythrocytes infected with the strain FCR-3 were
suspended 1n a solution of 25mM bufter (as marked on

the x axis)/155mM Na Cl (pH 6.8) and allowed to ad-
here to formalin-fixed melanoma cells.
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construct a buffer that would be optimal for
cytoadherence, we repeated the pH studies (see
Fig. 1). We observed that the addition of 50mM
Ca®* to the binding buffer narrowed the pH
range tn which cytoadherence occurred, and in
the presence of Ca?* the pH optimum for
cytoadherence was decreased by 0.3 pH units

(Fig. 5).

Influence of red cell donors on cyloa-
dherence — We observed that the degree of ad-
hesion under standard laboratory conditions
varied in a cyclical fashion (Fig. 6). The period
ol the cycle (approximately 14 days) appeared
to be related to the frequency of individual
donors donating blood as well as our practice
of using a pool of red cells from individual
donors for the cultures. Therefore we attempted
to determine whether individual donors pro-
moted or inhibited adherence. The effect of
erythrocyte source on adhesion of iIRBCs was
determined in two separate experiments. Two
donors (PA and AH) produced significantly
higher adhesion ratios despite the fact that the
stages of parasite development and parasitemia
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Fig. 4: the effect of Ca?* levels in the incubation buffer
solutions with a known Ca®* concentration were made
by combining 25mM is Tris /155mM Na Cl (pH 6.8)
and 25mM Bis Trs /55mM Na Cl/100mM CaCl, (pH
6.8). Human erythrocytes infected with the strain FCR-
3 (top), and B8B6+ (bottom, @) and 1tG2 (bottom, m)
were then allowed to adhere to formalin-fixed mela-
noma cells.
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TABLE |

Relationship of donor, parasitemia and developmental stage of parasites to cytoadherence

Experiment 1:
Stage of development (%)

Donor Parasitemia R T 2N S iRBC/Melanoma
PA 4.6 0 34 42 23 19.7
AH 5.2 0 46 50 4 19.1
EP 5.5 0 67 16 16 11.5
JJ 4.4 0 69 21 9 11.5
JR 5.7 0 60 26 12 10.0
DP 4.1 0 72 14 14 10.6

Experiment 2:
Stage of development (%)

Donor Parasitemia R T 2N S 1IRBC/Melanoma
PA 4.9 0 £9 12 0 20.8
AH 4.4 0 89 11 0 59.8
EP 6.5 0 94 6 0 32.4
BS 6.4 0 95 5 0 17.9
GE 5.1 0 88 12 0 29.1
HM 5.8 0 80 18 2 27.3

R: ning; T: trophozoite; 2N: schizont, 2 nuclei: S: schizont, multinucleate.

TABLE 1l

The effect of antimalarials on the cytoadherence of Plasmodium Jalciparum (FCR-3 strain)-infected cells (IRBC)
to amelanotic melanoma cells

Adhesion index IRBC/melanoma cell

Chloroquine diphosphate

Control 1.0 0.3
10-5 M 0.87 8.1
14 M 0.76 7.1
10-3 M 0.69 6.4
Artemisinin

Control 1.0 5.0
10-8 M 1.0 5.0
10-7 M 0.96 4.8
1006 M 0.88 4.4
Mefloquine hydrochloride

Control 1.0 11.6
10-7 M 1.1 12.8
10-6 M 1.3 15.0
105 M 1.3 15.0
10-4 M 0.8 10.0
Quinacnne hydrochloride

Control 1.0 3.0
10-5 M 0.9 3.5
10-4 M 1.2 3.6

10-3 M 1.0 3.1
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PERCENT OF OBSERVED MAXIMUM

Fig. 5: adherence vs pH in the presence of 50mM Ca?**:
human blood containing mature forms of the Plasmo-
dium falciparum strain FCR-3 was suspended in 5ml of
25mM Bis Trnis /155mM NaCl (m) or 25mM Bis Tns /
55mM NaCl /100mM CaCl, (®) adjusted to the pH in-
dicated on the x axis and allowed to adhere to fixed
melanoma cells. The maximum number of infected eryth-
rocytes per melanoma observed for the unsupplemented
samples was S5, while the maximum observed for the
samples containing 50mM Ca?* was 35.
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Fig. 6: vanation in the degree of adhrence of red cells to
amelanotic melanoma cells duning a penod of 60 days.
The adhesion ratio of the control assays (no additions,
Bis Trs buffer with Ca?* only) from experiments con-
ducted over 60 days were plotted against the day num-
ber (January Ist = day 1). The period from day 50 to 55
resulted in adhesion ratios which were exceptionally low,
and therefore were considered to be doubtful. This may
have been due to a pool of donors with red cells unsuit-
able for adherence or the lack of expression of suitable
ltigands on the malanoma cells.

in all samples were approximately equal (Fig.
7 and Table I). In the second experiment blood
was obtained from a different group of donors
(some donors appeared in both groups, but the
blood used was donated on different dates). The
results of the adherence assay for the second
experiment are shown in Fig. 8 and Table I. In
agreement with the previous experiment, the
donor AH produced significantly higher levels
of adhesion, however, the donor PA produced
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a level of adhesion which was average. One
donor, BS, produced a level of adhesion which
was lower than that seen in the five other
samples.

Effects of antimalarials and anti-band 3 an-
tibody — When iRBCs bearing ring-stage para-
sites or parasites at the trophozoite/schizont
stage were incubated i1n the presence of
antimalarials for periods of up 12 h there was
a cessation of parasite growth, the appearance
of degenerative forms, and a lack of expression
of knobs; consequently such drug-treated cells
did not bind to melanoma cells. There was no
significant inhibition of adherence when iRBCs
were incubated with antimalarials during the
time (90 min) of the assay (Table II).
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Fi1g. 7: Expenment 1. Relationship of the degree of adher-
ence of Plasmodium falciparum-infected red cells (FCR-
3) to individual red cells donors. Values represent the
mean +/- standard deviation.
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Fig. 8: Expenment 2. Relationship of the degree of adher-
ence of malana-infected red cells (FCR-3) to the indi-
vidual red cell donor. Values represent the mean +/- stan-
dard deviation.
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The effect of adding ascites fluid from the
antibody lines 1C4 and 4A3 is shown in Fig. 9.
The antibody lines 1C4 and 4A3 were found to
inhibit adhesion of iRBCs in a dose-responsive
fashion. Inhibition of adherence with both an-
tibodies was found not to be additive and add-
ing amounts of 1C4 beyond those shown on
the graph did not increase the inhibition be-
yond 80% (data not shown).
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Fig. 9: the effect of ascttes fluid from the antibody lines
1C4 (top) and 4A3 (bottom) on the adhesion of infected
red cells. Values represent duplicate determinations (bars)
and the mean value. The ascites fluid used contained
6mg/m! antibody; the adhesion ratio for Oyl (control)
was 7 1IRBCs/melanoma cell for 1C4, and 34 for 4A3.

DISCUSSION

Optimization of the cytoadherence assay —
The dependence of cytoadherence on the pH of
the surrounding medium was first observed by
Marsh et al. (1988) and confimmed by Sherman
& Valdez (1989) and Wright et al. (1990). We
have extended their observations, demonstrat-
ing that cytoadherence takes place over a rela-

tively narrow pH range (6.0-7.0), and that the
optimal pH range for cytoadherence can be very
narrow (0.2 pH units). The optimal pH for
cytoadherence 1s below that normally main-
tained in mammalian cell cultures. Indeed, the
buffer HEPES i1s frequently added to cell cul-
ture media, because its pKa prevents rapid
acidification of the medium by the metabolic
products of the growing cells. Although HEPES
is also suitable for growing malaria parasites, it
would appear that a buffer with a lower pKa
would be preferable for cytoadherence experi-
ments. In a healthy human the pH of the blood
plasma is rigidly maintained at pH 7.4 (Ganong,
1977), a value distinctly higher than the pH
optimum for adherence; however, individuals
infected with P. falciparum frequently have ab-
nomally low levels of blood pH (Fisher, 1983)
as well as high lactate levels (White et al., 1983,
1985; Taylor et al., 1988; Molyneux et al.,
1989). In the postcapillary venules, especially
those containing sequestered cells, the pH may
be depressed further, and CO, levels elevated.
Indeed, we observed that when infected eryth-
rocytes suspended in HEPES/RPMI (pH 7.4)
were exposed to high (up to 100%) levels of
CO, they became highly cytoadherent (results
not shown). Although high CO, levels may be
significant in vivo we found that more consis-
tent patterns of adhesion were obtained when
the pH was controlled (by using a buffer with
a suitable pKa, adjusting the pH, and perform-
ing the experiments in ambient air), instead of
attempting to control the level of CO, in the
medium.

Calcium affected cytoadherence (Fig. 4) at
a much higher concentration (50mM instead of
ImM) than has been observed in other Ca?**
dependent cell-cell adhesion system (Mohandas
et al., 1985; reviewed by Takeichi, 1988;
Heimark et al., 1990). The presence of high
(50mM) level of Ca** in the medium may en-
hance binding by reducing the surface charge
on the target cell (i.e. high levels of Ca?*
reduce the surface charge of HUVECs (Vargas et
al., 1989) thereby permitting cells to come
closer to one another). Since the addition of
calcium to the binding buffer had the effect of
lowering the optimal binding pH it suggests
that calcium and pH do not act independently
of one another in affecting cytoadherence. It is
interesting to note that the effects of pH and
Ca’* on the ability of several diverse lines to
bind to amelanotic melanoma cells was the
sarne. This suggests that al} of the lines tested
(two knobby and one knobless) use a similar or
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1dentical mechanism to cytoadhere. Although
the effects of pH and Ca?* were common to all
the lines tested, the individual lines did not re-
spond to the same extent. The highest ratio of
IRBCs to melanoma cells was observed when
the FCR-3 line was used, whereas the knobless
B8B6+ line usually showed the fewest number
of tRBCs per melanoma cell. This suggest that
although the different lines probably use a
common mechanism to adhere, the number of
cytoadherence sites may vary from line to line.
Preliminary experiments (Smith, unpublished)
have indicated that the buffer composition that
results in optimal binding of P. falciparum-
infected erythrocytes to amelanotic melanoma
cells 1s also the same as that which results in
maximal binding of tRBCs to freshly isolated
HUVECs (ATCC CRL 1730). This suggests
that the cytoadherence mechanisms for endo-
thelial and amelanotic melanoma cells are simi-
lar. Fmnally, it is of interest to note that
the environmental conditions which promote
cytoadherence to melanoma cells described in
this report are similar to those that increased
rosetting (Carlson et al., 1990).

The changes in the medium that promoted
cytoadherence were specific for the falciparum
infected red cell i.e. the same environmental
conditions did not increase the number of ad-
herent uninfected erythrocytes. This indicates
that the conditions that promote erythrocyte
adhesion are not present in uninfected cells,
and that we are observing a parasite induced
adhcsion phenomenon.

Alterations in the composition of the bind-
ing buffer resulted in an increased number of
iRBCs that bound to an individual melanoma
cell, however, altering the composition of the
binding buffer itself did not change the per-
centage of melanoma cells that were compe-
tent to bind 1IRBCs. Thus, the cytoadherence
property (1.e. the capacity to bind iRBCs) of an
tndividual melanoma cell remained independent
of the composition of the medium.

The cytoadherence study involving blood
donors was centered on a single parasite line
(FCR-3) and involved several sources of red
cells. The data obtained make it clear that some
of the wvariation in binding of iRBCs is attrib-
utable to the individual red blood cell donor
(Figs. 7 and 8 and Table I). One of the donors,
PA, displayed better than average binding in
the first experiment, but only average binding
in the second, therefore, it appears that an in-
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crease In adherent ability may be affected by
the erythrocyte’s environment. (However, the
possibility that PA’s infected erythrocytes re-
mained constant, and that the melanoma targets
expressed different amounts of ligand cannot
be completely excluded). The donor AH
consistently produced above average adherence,
and was intentionally included in the experi-
ment because of a coincidental rise in the adher-
ence ratio observed in the cytoadherence assays
and the known inclusion of AH blood in the pool
of blood used to culture the parasite. The adhet-
ence ratio shown for AH in the second experi-
ment may in fact be lower than was potentially
possible since in our experience the melanoma
cells are completely covered with iRBCs above
adherence ratios of 60 (that is, the system satu-
rates at about 60 IRBCs per melanoma cell). It is
Interesting to note that in both adherence experi-
ments the majority of the donors assayed pro-
duced mean adherence values which were (within
each expeniment) not significantly different from
one another. It would be of considerable interest
to extend these studies to a larger number of red
cell donors using a single cloned parasite line and
then to determine the adherent ability of these
IRBCs. Were a highly cytoadherent subpopulation
to be identified it would suggest that an indivi-
dual’s red cells, as well as parasite strain, influ-
cnce adherence. Were such a subpopulation to be
found it might contain individuals with a greater
susceptibility to develop cerebral malaria.

Inhibition of cytoadherence — None of the
antimalanals tested directly blocked adhesion.
Indeed, what the studies with antimalarials show
1s that 1f knob expression is suppressed adher-
ence 1s ablated. Consequently, any factor that
inhibits parasite growth and reduces knob for-
mation adversely affects cytoadherence. There-
fore, we presume the in vivo effect of an
antimalanal on adherence would be indirect and
result from inhibition of parasite maturation rather
than blocking adhesion per se.

The antibodies 1C4 and 4A3 were able to
inhibit adherence of iRBCs is a dose respon-
sive fashion. 4A3 was the better inhibitory
agent; this may be duc to its epitope being closer
to the adhesin on the red cell surface, or alter-
natively may be due to 4A3 being a relatively
bulky IgM, whereas 1C4 is a smaller IgG,..
1C4 and 4A3 both recognize modified forms
of human band 3 (Winograd & Sherman, 1989;
Crandall & Sherman, 1991), therefore it was
not entirely unexpected that adding both of the
anfibodics did not result in complete inhibition
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of adherence. Cytoadherence should be abol-
ished once all of the surface adhesins arc satu-
rated, but complete inhibition of adherence was
not obtained by adding increased amounts of
either antibody. Since 1CA4 and 4A3 block adhe-
ston by interacting with parasite-induced
modified forms of band 3 molecules, and inhi-
bition of binding with these monoclonal anti-
bodies was always less than 100%, 4t suggests
that adhesive molecules unrelated to band 3 are
also involved in cytoadherence.

ACKNOWLEDGEMENT

To Dr Beverly Biggs for providing us with
the cytoadhecrent knobless line B8B6, and Esther
Valdez for technical assistance.

REFERENCES

AIKAWA, M.; ISEKI, M.; BARNWELL, J.W, TAY-
LOR, D.; OOMM. & HOWARD, R.J,, 1990. The
pathology of human cerebral malana. Am. J Trop.
Med. Hyg., 43: 30-37.

BIGGS, B.; CULVENOR, J; NG, J.S.; KEMP, DJ. &
BROWN, G.V., 1990. Plasmodium falciparum:
Cytoadherence of a knobless clone. Exper. Parasitol.,
69 189-197.

BIGNAMI, A. & BASTIANELLI, C., 1890. Osserva-
zion1 sulle febbn malariche estive-autunnali. La
Riforma Medica, 223: 1334-1335.

CARLSON, J.; HOLMQUIST, G.; TAYLOR, D.W;
PERLMANN, P. & WALHGREN, M., 1990. Anti-
bodies to a histidine-nch protein (PfHRP1) disrupt
spontaneouly formed Plasmodium falciparum eryth-
rocyte rosettes. Proc. Natl Acad. Sci. U.S.A. 87:2511-
2515.

CRANDALL, I. & SHERMAN, l., 199]. Plasmodium
Jalciparum (bhuman malana)induced modifications

in human erythrocyte band 3 protein. Parasitology,
102: 335-340.

DAVID, P.; HOMMEL, M.; MILLER, L.; UDEINYA,
[. & OLIGINO, L., 1983. Parasite sequestration in
Plasmodium falciparum malana: Spleen and anti-

body modulation of cytoadherence of infected erythro-
cytes. Proc. Natl Acad. Sci. USA, 80: 5075-5079.

FISHER, C.W.S., 1983. Clinical curio: acidosts and
hypoglycaemia in malarda. Br. Med. J., 286. 1261.

GANONG, F.W., 1979. Review of Medical Physiology.
9th Edition. Lange Medical Publications, L.os Altos,
Ca., p. 1-20.

GOOD, N.E. & IZAWA, S., 1968. Hydrogen ion buff-
ers. Met. Enzymol., 24B: 53-68.

HEIMARK, R.L.; DEGNER, M. & SCHWARTZ, S.M.,
1990. Identification of a Ca2+-dependent cell-cell

adhesion molecule in endothelial cells. J Cell Biol,
110 1745-1756.

HO, M.; SINGH, B.; LOOAREESUWAN, S.: DAVIS,
T.; BUNNAG, D. & WHITE, N.J., 199]. Clinical
costelates of in vitro Plasmodium falciparum
cytoadherence. Inf. Immunity, 59: 873-878.

HOWARD, R.J. & GILLADOGA, A.D., 1989. Molecu-
lar studies related to the pathogenesis of cerebral
malana. Blood, 74: 2603-218.

KOHLER, G. & MILSTEIN, C., 1975. Continuous cul-
tures of fused cells secreting antibody of predeter-
mined specificity. Nature, 2565: 495-497.

MARSH, K.; MARSH, V.M.; BROWN, J.; WHITTLE,
H.C. & GREENWOOD, B.M., 1988. Plasmodium
Jalciparum: the behaviour of clinical isolates in an
in vitro model of infected red blood cell sequestra-

tion. Exper. Parasitol., 65: 202-208.

MACPHERSON, G.; WARRELL, M.I.; WHITE, N.;
LOOAREESUWAN, S. & WARRELIL., D.A., 1985.
Human cerebral malana. A quantitative ultrastruc-

tural analysis of parasitized erythrocyte sequestra-
tion. Am. J. Pathol., 119: 385-401.

MOHANDAS, N.; EVANS, E.; KUKAN, B. & LEUNG,
A., 1985. Sickle erythrocyte adherence to vascular
endothelium: morphological correlates and the re-

quirement for divalent cations and collagen-binding
plasma protein. J. Cli. Invest., 76: 1605-1612.

MOLYNEUX, M.E.; TAYLOR, T.E.; WIRIMA, J.J. &
BORGSTEIN, A., 1989. Clinical features and prog-
nostic indicators in paediatric cerebral malaria: a study
of 131 comatose Malawian children. Quart. J. Med.
New Series 71, 256: 441-459,

PASVOL, G.; WILSON, JM.; SMALLEY, M.E. &
BROWN, J,, 1978. Separation of viable schizont-
infected red cells of Plasmodium falciparum from
human blood. Am. Trop. Med. Parasitol., 72: 87-88.

PONGPONRATN, E. RIGANTI, M.; PUNPOOWONG,
B. & AIKAWA, M., 1991. Microvascular sequestra-
tion of paratized erythrocytes in human falciparum
malana: a pathological study. Am. J Trop. Med.
Hyg., 44.: 168-175,

SCHMIDT, I.A.; UDEINYA, 1.J., LEECH, JH.; HAY,
R.J.; AIKAWA, M.; BARNWELL, J.; GREEN, |. &
MILLER, L.H., 1982. Plasmodium falciparum ma-
lana: an amelanotic melanoma cell line bears recep-
tors for the knob ligand on infected erythrocytes. J.
Cl. Invest.,, 70 379-386.

SHERMAN, I.W. & VALDEZ, E., 1989. In vitro
cytoadherence of Plasmodium falciparum-infected
erythrocytes to melanoma cells: factors affecting ad-
hesion. Parasitology, 98. 359-369.

TAKEICHI, M., 1988. The cadhernns; cell-cells adhe-
sion molecules cantrolling amimal morphogenesis.
Development, 102: 639-655.

TAYLOR, T.E.; MOLYNEUX, M.E.; WIRIMA, J.J.;
FLETCHER, K. A. & MORRIS, K., 1988. Blood
glucose levels in Malawian children before and dur-
tng the admimistration of intravenous quinine for se-
vere falciparum malana. N. Eng. J Med. 319: 1040-
1047.

TRAGER, W. & JENSEN, J.B,, 1976. Human malara
parasifes tn continuous culture, Science, 193: 673-
675.

UDEINYA, L[], LEECH, H.J.; AIKAWA, M. &
MILLER, L., 1985. An in vifro assay for sequestra-
tton: Binding of Plasmodium falciparum-infected
erythrocytes to formalin-fixed endothelial cells and
amelanotic melanoma cells. J. Protozol, 32: 88-90.

UDEINYA, 1LJ.; MAGOWAN, C. & CHULAY, J.D,
1989. Long-term cultured human vascular endothe-
ial cells (EC-FPS) bind Plasmodium falciparum-



312

infected erythrocytes. Am. J. Trop. Med. Hyg., 41:
400-405.

UDEINYA, I.J.; SCHMIDT, J.A.; AIKAWA, M,
MILLER, L. H. & GREEN, I, 1981. Falciparum
malana-infected erythrocytes specifically bind to
cultured human endothelial cells. Science, 213: 555-
557.

VARGAS, F.F.; OSORIO, M.H.; RYAN, U.S. & JESUS,
M., 1989. Surface charge of endothelial cells esti-
mated from electrophoretic mobility. Memb.
Biochem., 8= 221-227.

WARRELL, D., 1987. Pathophysiology of severe
falciparum malana in man. Parasitology, 94. S53-
S76.

WARRELL, D.A.; MOLYNEUX, M.E. & BEALES,
P.F., 1990. Severe and complicated malania. Trans.
R. Soc. Trop. Med. Hyg., 84 (Supplement)2: 1-65.

WHITE. N.J.; LOOAREESUWAN, S.; PHILLIPS, R.E.;
WARRELL, D.A.; CHANTHAVANICH, P. &
PONGPAEW, P., 1985. Pathophysiological and prog-
nostic significance of cerebrospinal-fluid lactate in
cerebral malana. The Lancet Apnl 6, 1985, 776-
777.

Heidi Smith et al.

WHITE, N.J.; WARRELL, D.A.; CHANTHAVANICH,
P.; LOOAREESUWAN, S.; WARRELL, M.l;
KRISHNA, B.M.; WILLIAMSON, D.H. & TUR-
NER, R.C., 1983, Severe hypoglycemia and
hypennsulinemia in falciparum malana. N. Eng J
Med., 309: 61-66.

WINOGRAD, E. & SHERMAN, I.W., 1989. Character-
ization of a modified red cell membrane protein
expressed on erythrocytes infected with the human
malana parasite Plasmodium falciparum. Possible
role as a cytoadherence mediating protein. J. Cell

Biol, 108 23-30.

WRIGHT, P.S.; CROSS-DOERSEN, D.; MCCANN, P.P.
& BITONTI, A.L, 1990. Plasmodium falci-parum:
A rapid assay for cytoadherence of (3H)hy-
poxanthine-labeled infected erythrocytes to human
melanoma cells. Exp. Parasitol., 71: 346-349.

ZOLA, H. & BROOKS, D., 1982. Technigues for the
production and charactenzation of monoclonal hy-
bridoma antibodies, p. 1-57. In J.G.R. Hurrell, Mono-
clonal Hybridoma Antibodies. Techniques and Ap-
plications. CRC Press Inc., Bota Raton, Fla.



