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Abstract

To determine the ligands on erythrocytes for invasion by Plas-
modium falkiparum, we tested invasion into MkMkerythro-
cytes that lack glycophorins A and B and enzyme-treated
erythrocytes by parasites that differ in their requirement for
erythrocyte sialic acid. The 7G8 strain invaded MkMkerythro-
cytes and neuraminidase-treated normal erythrocytes with
> 50% the efficiency of normal erythrocytes. In contrast, the
Campstrain invaded MkMkerythrocytes at 20%of control and
neuraminidase-treated normal erythrocytes at only 1.8% of
control. Invasion of MWMkerythrocytes by 7G8 parasites was
unaffected by treatment with neuraminidase but was markedly
reduced by treatment with trypsin. In contrast, invasion of
MLMkcells by Campparasites was markedly reduced by neur-
aminidase but was unaffected by trypsin. Weconclude that the
7G8 and Camp strains differ in ligand requirements for inva-
sion and that 7G8 requires a trypsin sensitive ligand distinct
from glycophorins A and B.

Introduction

Malaria parasites are obligate intracellular parasites and their
ability to invade erythrocytes is crucial to their survival. Sev-
eral lines of evidence indicate that malaria parasites invade
erythrocytes by binding to specific ligands on the erythrocyte
surface (1). Different species of Plasmodium use different li-
gands. Erythrocyte glycophorin A has been proposed as a li-
gand for invasion by Plasmodiumfalciparum (2-7). Evidence
for this derives in part from the fact that En(a-) erythrocytes,
which lack glycophorin A, are not invaded as well as normal
erythrocytes (2, 7). The invasion that does occur with En(a-)
erythrocytes may be due to the presence of glycophorin B
because glycophorins A and B are homologous for the 28 N-
terminal amino acids and both contain many 0-linked oligo-
saccharides (8). Sialic acid on the erythrocyte membrane is
required for optimal invasion by all strains reported to date (2,
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5, 9, 10). The importance of glycophorins A and B in invasion
may be due to the fact that they contain sialic acid residues
with which the parasites interact. Recently, Mitchell et al. ob-
served that the degree of dependence on erythrocyte sialic acid
for invasion varied between two strains of P. falciparum tested
(1 1). One strain, the Thai-Tn, invaded neuraminidase-treated
erythrocytes with 50% efficiency compared with untreated
erythrocytes. The other strain, the Campstrain, invaded neur-
aminidase-treated erythrocytes with < 5%efficiency compared
with untreated erythrocytes. By testing invasion by a sialic acid
dependent parasite and a relatively sialic acid independent
parasite into MkMkerythrocytes that lack glycophorin A and B
and into enzyme-treated erythrocytes, we begin to discrimi-
nate among the relative importance of sialic acid, peptide
backbone of glycophorin and other erythrocyte ligands for in-
vasion by P. falciparum. The data suggest that the ligand on
glycophorin is primarily the sialic acid and possibly other
sugars and may not require the peptide backbone. Further-
more, the receptor heterogeneity includes differing require-
ments for sialic acid, as previously published (11), and the
requirement for a trypsin-sensitive ligand distinct from glyco-
phorins A and B.

Methods

Cultures and parasites. P. falciparum parasites were cultured in vitro as
previously described (12, 13). Clones from three strains of P. faki-
parum were studied: the Malayan Campstrain, the 7G8 clone of the
Brazilian (IMTM22) strain (14); and the T9/96 clone from Thailand
(15). The Campstrain was taken from a patient, adapted to growth in
Aotus trivirgatus and then adapted to in vitro culture in human eryth-
rocytes. The other two strains were taken directly from patients and
adapted to in vitro culture in human erythrocytes.

Erythrocytes. MkMkerythrocytes were obtained from a Japanese
patient (K.M.) whose blood was referred to the Osaka Red Cross Blood
Center, Osaka, Japan. Blood containing MkMkerythrocytes and eryth-
rocytes from two controls were drawn at the same time into acid-ci-
trate-dextrose and sent on wet ice to NIH, Bethesda, MDwhere they
arrived still on ice 48 h later. Another donor (R.S.), the sister of K.M.
who is also MkMk, was sent to D. Anstee and tested for invasion by P.
falciparum clone T9/96 by G.P.

Surface labeling. MkMkerythrocytes and normal erythrocytes were
surface-labeled using oxidation with periodate followed by reduction
with tritiated borohydride (Amersham Corp., Arlington Heights, IL;
10 Ci/mmol) as described by Gahmberg and Andersson (16), with
these modifications: 1 X IO' cells in 1 ml of phosphate-buffered saline

1190 Hadley, Klotz, Pasvol, Haynes, McGinniss, Okubo, and Miller



(PBS) containing 2 mMsodium periodate for 8 min at 00C in the dark
with occasional gentle mixing.

Serologic testing. Serologic testing was done by standard agglutina-
tion methods used by blood banks.

Treatment of erythrocytes with enzymes. Treatments of erythro-
cytes with trypsin (Sigma Chemical Co., St. Louis, MO; I mg/ml) and
neuraminidase (Gibco Laboratories, Grand Island, NY; 50 U/ml) were
described previously (1 1). Dose-response studies with neuraminidase
indicated that the concentration of neuraminidase and treatment-con-
ditions used in these experiments was more than sufficient to obtain
the optimum reduction in invasion by the parasites tested (data not
shown). The neuraminidase treatment by G.P. was with 0.01 U/ml
(Behringwerke AG, Marburg, West Germany) which was of equal ac-
tivity to the treatment with Gibco enzyme.

Invasion assay. Malaria parasites (merozoites) invade erythrocytes
and develop sequentially into ring forms, trophozoites and schizonts.
Each schizont produces 10 to 20 new merozoites, which are released
when infected erythrocytes rupture and invade other erythrocytes. In-
vasion assays were performed as described previously (1 1). Schizont-
infected erythrocytes (1 X 106) were incubated in microtiter wells with
1 X 10' uninfected erythrocytes and 200 MlA of medium. During over-
night incubation merozoites were released from infected erythrocytes
and invaded uninfected erythrocytes to form characteristic ring forms.
At the end of the overnight incubation period (20-24 h), the percent-
age of erythrocytes infected with ring-forms was determined on
Giemsa stained thin blood films. A minimum of 1,000 erythrocytes
was counted. At low parasitemia, the number of ring-infected erythro-
cytes per 10,000 erythrocytes was determined. Rhesus or rabbit eryth-
rocytes that are not invaded by P. falciparum were included in each
experiment as a control for normal human erythrocytes introduced
with the schizont-infected erythrocytes. Invasion of rhesus erythro-
cytes was always < 3%of control.

Results and Discussion

The absence of glycophorins A and B on the MkMkerythro-
cytes was confirmed by surface labeling using periodate oxida-
tion followed by reduction with tritiated borohydride (Fig. 1)
and by serological studies. Humananti-M, lectin anti-N (Vicia
graminea), anti-S, -s, and -U, anti-Pr 1 (Christensen), anti-
EnaFS (monoclonal antibodies 453 [17] and 177.1.2), anti-
Wra, anti-Wrb (monoclonal antibody 179.9.1 and serum from
M. Fra) and a serum from G.W. containing a mixture of anti-
Ena and anti-Wrb did not react with these erythrocytes when
tested by agglutination. Anti-EnaFS and anti-Wrb (EnaFR)
react with amino acids 40-60 and 60-70, respectively, of gly-
cophorin A (18) and anti-S and -s react with the peptide
around amino acid 29 of glycophorin B (8). Therefore the
extracellular peptide backbone of glycophorin A(a) and at
least a segment of B(6) are missing as previously described (19).
Trypsin-treatment of normal erythrocytes cleaved glycopep-
tides from a, f, and -y, but left some of glycophorin B(6) intact
(Fig. 1). Trypsin treatment of MkMk cleaved glycopeptides
from glycophorin C (, and y), leaving the cells with no re-
maining intact glycophorins.

Invasion studies were performed with cloned parasites
from three strains. The Camp and 7G8 strains were tested
simultaneously under identical conditions. Differences in in-
vasion efficiencies obtained with each strain therefore relate to
differences in their biological behavior rather than differences
in erythrocytes or culture conditions. The T9/96 strain was
tested separately in a different laboratory (G.P.). The results of
these studies indicate that the 7G8 and T9/96 strains differ
from the Camp strain in their requirements for erythrocyte
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Figure 1. Fluorograph after
SDS-polyacrylamide gel elec-
trophoresis of MkMkcells (Mk)
and normal cells (N) that were
surface-labeled by treatment
with periodate followed by
[3H]borohydride under condi-
tions that label glycophorins A
(a), B (6), and C (i and ey), gly-
cophorin A2 dimer (a2), glyco-
phorin B2 dimer (62), glyCO-
phorin AB heterodimer (ab).
Cells were left untreated or
treated with trypsin after
[3H]borohydride label. Note
the absence of a2, a, and 6 on
untreated MkMkcells. The
faint band above a2 in un-
treated MkMkcells is superim-
posed on the Coomassie Blue-
stained band 3.

sialic acid. Invasion rates of the Campstrain into neuramini-
dase-treated erythrocytes were always < 3% of invasion rates
obtained with control untreated erythrocytes. This finding was
similar to what has generally been reported by others using
various strains cultured in vitro (4, 9, 10). In contrast, invasion
rates of 7G8 and T9/96 parasites into neuraminidase-treated
erythrocytes were at least 50% of invasion rates obtained with
control untreated erythrocytes (Table I). Thus, our findings
confirm and extend the recent observations of Mitchell et al.
( 11) that some P. falciparum parasites are able to invade by a
pathway that is probably independent of sialic acid. The un-
cloned strain tested by Mitchell et al., the Thai-Tn strain, was
continuously cultured in erythrocytes that were deficient in
sialic acid (1 1). It was therefore possible that the unusual cul-
ture conditions induced the capability of invading sialic acid-
deficient erythrocytes in these parasites. The finding in the
present study that cloned parasites (7G8 and T9/96) contin-
uously cultured in normal erythrocytes have the same receptor
phenotype as Thai-Tn parasites (that is, the ability to invade
neuraminidase-treated erythrocytes with 50% efficiency) indi-
cates that this phenotype exists in unselected parasite popula-
tions. It is, therefore, clear from the results reported here and
from the results reported previously by Mitchell et al. (11) that
different strains of P. falciparum differ in terms of their re-
quirements for sialic acid for erythrocyte invasion.

A major question we sought to address in the present study
was whether glycophorin A and/or B are required for invasion.
Wealso attempted to further define the receptor requirements
of different strains. As can be seen in Table I, all three strains
tested, Camp, 7G8, and T9/96, invade MkMk erythrocytes,
albeit at reduced levels. Thus, P. falciparum parasites can in-
vade erythrocytes by a pathway that is independent of glyco-
phorins A and B. The efficiency of invasion into MkMkeryth-
rocytes was higher for the strain (7G8) that was less affected by
neuraminidase-treatment of normal erythrocytes than it was
for the strain (Camp) that was greatly affected by neuramini-
dase. This finding suggests that the important ligand on glyco-
phorins A and B is sialic acid. Glycophorins A and B contain
70-80% of the erythrocyte membrane sialic acid and thus it is
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Table L Invasion of Untreated and Enzyme-treated MkMkErythrocytes by Three Clones of Plasmodium falciparum
(Camp, 7G8, and T9/96)*

June 10, 1986 June 18, 1986 June 25, 1986

Treatment Camp 7G8 Camp 7G8 Camp 7G8 T9/96t

MkMk None 20 86 14 51 18 61 77.6 ± 7.1
n = 5

NANase 0.8 55 2.1 40 1.8 65 63.5
n = 2

STI 27 75 16 70
Trypsin 27 14 19 9.5

Control 1 None 93 81 100 (11.7) 100 (35.3) 97 98 100 (3.1 to 7.5)
NANase 1.5 56 3.0 68 1.5 40 54.5

n = 2
STI 100 (6.0) 83 65 89
Trypsin 9.3 1.5 9.7 2.2

Control 2 None 93 100 (17.0) 50 100 (5.8)
NANase 1.6 70 1.8 40
STI 100 99 65 89
Trypsin 8.5 0.6 5.9 1.5

FWK None 87 80 89 97 74 75 102.2±18.8
n = 5

NANase 2.2 1.2 56 1.8 86
STI 100 100 (3.4) 99
Trypsin 6.7 4.7 0.3

Abbreviations used in this table: NANase, neuraminidase; STI, soybean trypsin inhibitor; FWK, fresh control cells obtained in Bethesda.
* The data are expressed as the percentage of the maximum invasion for each study. The maximum invasion is in parentheses and is expressed
as the percentage of invaded erythrocytes. * The invasion by clone T9/96 was performed by G.P. at Oxford, England, on different Japanese
control cells and fresh English control cells. The data are given as mean±SD.

not surprising that parasites that are heavily dependent on
sialic acid for invasion show a more marked reduction of in-
vasion into MkMkerythrocytes. Whether or not P. falciparum
parasites recognize a specific linkage of sialic acid remains to
be determined. At present there is no convincing evidence that
P. falciparum interacts with peptide domains of glycophorins
A and B during invasion and the present study clearly indi-
cates that extracellular peptide domains of glycophorins A and
B are not required for invasion.

Ligand requirements for Camp and 7G8 parasites were
further characterized by studying invasion of neuraminidase-
and trypsin-treated MkMk erythrocytes. Invasion of MkMk
erythrocytes by Camp parasites was markedly reduced by
neuraminidase but unaffected by trypsin. Camp parasites
therefore utilize sialic acid for invasion of Mk]Mk erythrocytes.
Sialic acid used by Camp parasites on MkMk erythrocytes is
located on components other than glycophorin C, since tryp-
sin-treatment of MkMkerythrocytes (Fig. 1) removed the sia-
loglycopeptides of glycophorin C (,B and Y) but had no addi-
tional effect on invasion. The finding that Campparasites can
utilize sialic acid on MkMkerythrocytes is further evidence that
the interaction between P. falciparum parasites and sialic acid
on glycophorins A and B on normal erythrocytes does not
require a specific peptide sequence. The location of the sialic
acid used by Camp parasites on MkMk erythrocytes is not
known but, as it is not affected by trypsin, it is linked to a
glycolipid or a trypsin-insensitive glycoprotein.

In contrast to its lack of effect on the invasion of Camp
parasites into MkMkerythrocytes, trypsin inhibited invasion of
Campparasites into normal erythrocytes. This effect can be
attributed to the loss of sialic acid from these erythrocytes, as
trypsin cleaves sialoglycopeptides from all of glycophorin A
and some of glycophorin B (Fig. 1). Glycophorin B has gener-
ally been considered to be resistant to trypsin when intact
erythrocytes are treated but under the conditions used in these
experiments [1 mg/ml trypsin-tosylphenylchloromethyl ke-
tone (TPCK) for 1 h at 37°C with an erythrocyte concentra-
tion of 2.5 X 108 per ml] some cleavage of glycophorin B was
obtained. Similar results have been reported previously (20).
The requirement of Campparasites for erythrocyte sialic acid
does not entirely explain the specificity of-invasion. For exam-
ple, P. fakiparum parasites (including the Campstrain) cannot
invade erythrocytes from old world monkeys or from most
subprimates despite the presence of sialic acid on their erythro-
cytes. The specificity may be determined by the type of sialic
acid, the linkage of sialic acid to other sugars, the nature of the
neighboring sugars, or the requirement for a second as yet
uncharacterized ligand.

Another conclusion, based on the biological data reported
here, is that 7G8 parasites interact with at least one ligand-site
that is different from that used by Campparasites. In contrast
to the findings obtained with Camp parasites, invasion of
MkMkerythrocytes by 7G8 parasites was unaffected by neur-
aminidase-treatment of MkMkerythrocytes but was markedly
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reduced by trypsin-treatment of MkMkerythrocytes (Table I).
The effect of trypsin was specific, since trypsin treatment of
MkMkerythrocytes had no effect on invasion by Camppara-
sites. Thus trypsin removes a ligand on MkMk erythrocytes,
and probably on normal erythrocytes, which contains a neur-
aminidase-insensitive binding site that is utilized by 7G8 para-
sites but not by Campparasites. 7G8 parasites, like Thai-Tn
parasites previously described, appear to have at least two dif-
ferent receptors for two different ligands on the erythrocyte
membrane. One receptor interacts with sialic acid on the
erythrocyte membrane and may be the same or similar to the
receptor for sialic acid on Campparasites (2 1). The other re-
ceptor interacts with a neuraminidase-insensitive, trypsin-sen-
sitive ligand that is located on a molecule other than glyco-
phorins A and B. 7G8 parasites are therefore able to invade
erythrocytes that are deficient in sialic acid (e.g., neuramini-
dase-treated erythrocytes and MkMk erythrocytes) with
roughly 50% efficiency by binding to the neuraminidase-in-
sensitive ligand. This ligand has not yet been identified.

The finding that P. falciparum malaria parasites can invade
erythrocytes by pathways which are independent of glyco-
phorins A and B has potential importance for vaccine develop-
ment. One approach to vaccine development has been to
identify parasite receptors and to use them as immunogens to
induce antibodies that block invasion. Glycophorin A has
been used to affinity-purify parasite molecules that are consid-
ered possible receptors (22, 23). One or more of these mole-
cules may be the sialic acid-dependent receptor. The evidence
presented here indicates, however, that some P. falciparum
parasites also have receptors that bind to erythrocyte ligands
other than sialic acid and other than glycophorins A and B.
These receptors need to be identified if receptors are to be used
effectively as immunogens.

Acknowledgments

Wethank Ken Pinkston and Lisandro Reyes, WRAIR, for their expert
technical assistance, Dr. David A. Zopf, NIH, for the gift of mono-
clonal antibodies 177.1.2 and 179.9.1, and erythrocytes from donor
R.S., Hesma Goodburn for technical assistance and Wilma Davis for
editorial assistance. G.P. is supported by the Wellcome Trust.

References

1. Hadley, T. J., F. W. Klotz, and L. H. Miller. 1986. Invasion of
erythrocytes by malaria parasites: a cellular and molecular overview.
Annu. Rev. Microbiol. 40:451-477.

2. Miller, L. H., J. D. Haynes, F. M. McAuliffe, T. Shiroishi, J.
Durocher, and M. H. McGinniss. 1977. Evidence for differences in
erythrocyte surface receptors for the malarial parasites, Plasmodium
falciparum and Plasmodium knowlesi. J. Exp. Med. 146:277-281.

3. Deas, J. E., and L. T. Lee. 1981. Competitive inhibition by
soluble erythrocyte glycoproteins of penetration by Plasmodiumfalci-
parum. Am. J. Trop. Med. Hyg. 30:1164-1167.

4. Perkins, M. E. 1981. Inhibitory effects of erythrocyte membrane
proteins on the in vitro invasion of the human malarial parasite Plas-
modiumfalciparum into its host cell. J. Cell Biol. 90:563-567.

5. Pasvol, G., M. Jungery, D. J. Weatherall, S. F. Parsons, D. J.

Antsee, and M. J. A. Tanner. 1982. Glycophorin as a possible receptor
for Plasmodiumfakiparum. Lancet. ii:947-950.

6. Pasvol, G., and M. Jungery. 1983. Glycophorins and red cell
invasion by Plasmodium fakiparum. Ciba Foundation Symposium
94:174-195.

7. Pasvol, G., J. S. Wainscoat, and D. J. Weatherall. 1982. Erythro-
cytes deficient in glycophorin resist invasion by the malarial parasite,
Plasmodiumfakiparum. Nature (Lond.). 297:64-66.

8. Antsee, D. J. 1981. The blood group MNSs-active sialoglyco-
proteins. Semin. Hematol. 18:13-31.

9. Breuer, W. V., H. Ginsburg, and Z. I. Cabantchik. 1983. An
assay of malaria parasite invasion into human erythrocytes. The effects
of chemical and enzymatic modification of erythrocyte membrane
components. Biochim. Biophys. Acta. 755:263-271.

10. Friedman, M. J, T. Blankenburt, G. Sensabaugh, and T. S.
Tenforde. 1984. Recognition and invasion of human erythrocytes by
malarial parasites: contribution of sialoglycoproteins to attachment
and host specificity. J. Cell Biol. 98:1672-1677.

11. Mitchell, G. H., T. J. Hadley, M. H. McGinniss, F. W. Klotz,
and L. H. Miller. 1986. Invasion of erythrocytes by Plasmodiumfaki-
parum malaria parasites. Evidence for receptor heterogeneity and two
receptors. Blood. 67:1519-1521.

12. Trager, W., and J. B. Jensen. 1976. Humanmalaria parasites in
continuous culture. Science (Wash. DC). 193:673-675.

13. Chulay, J. D., J. D. Haynes, and C. L. Diggs. 1985. Serotypes of
Plasmodium fakiparum defined by immune serum inhibition of in
vitro growth. Bull. WHO.63:317-323.

14. Burkot, T. R., J. L. Williams, and I. Schneider. 1984. Infectivity
of mosquitoes of Plasmodium falciparum clones grown in vitro from
the same isolate. Trans. R. Soc. Trop. Med. Hyg. 78:339-341.

15. Rosario, V. 1981. Cloning of naturally occurring mixed infec-
tions of malaria parasites. Science (Wash. DC). 212:1037-1038.

16. Gahmberg, C. G., and L. C. Andersson. 1977. Selective radio-
active labeling of cell surface sialoglycoproteins by periodate-tritiated
borohydride. J. Biol. Chem. 252:5888-5894.

17. Hadley, T. J., Z. Erkman, B. M. Kaufman, S. Futrovsky, M. H.
McGinniss, J. A. Sadoff, and L. H. Miller. 1986. Factors influencing
invasion of erythrocytes by Plasmodium fakiparum parasites. The
effects of N-acetylglucosamine neoglycoprotein and an anti-glyco-
phorin A antibody. Am. J. Trop. Med. Hyg. 35:898-905.

18. McGinniss, M. H., K. Wasniowska, D. A. Zopf, S. E. Straus,
and C. M. Reichert. 1985. An erythrocyte Pr auto-antibody with sia-
loglycoprotein specificity in a patient with purine nucleoside phos-
phorylase deficiency. Transfusion. 25:131-136.

19. Tokunaga, E., S. Sasakawa, K. Tamaka, H. Kawamata, C. M.
Giles, E. W. Ikin, J. Poole, D. J. Anstee, W. Mawby, and M. J. A.
Tanner. 1979. Two apparently healthy Japanese individuals of type
MkMk have erythrocytes which lack both the blood group MNand
Ss-active sialoglycoproteins. J. Immunogenet. 6:383-390.

20. Miller, L. H., T. Shiroishi, J. Dvorak, J. R. Durocher, and B. K.
Schrier. 1975. Enzymatic modification of the erythrocyte membrane
surface and its effect on malarial merozoite invasion. J. Mol. Med.
1:55-63.

21. Camus, D., and T. J. Hadley. 1985. A Plasmodiumfalciparum
antigen that binds to host erythrocytes and merozoites. Science (Wash.
DC). 230:553-556.

22. Jungery, M., D. Boyle, T. Patel, G. Pasvol, and D. J. Weather-
all. 1983. Lectin-like polypeptides of Plasmodium fakiparum bind to
red cell sialoglycoproteins. Nature (Lond.). 301:704-705.

23. Perkins, M. E. 1984. Surface proteins of Plasmodium faki-
parum merozoites binding to the erythrocyte receptor, glycophorin. J.
Exp. Med. 160:788-798.

Falciparum Malaria Invasion of MkMkErythrocytes 1193


