
"

INFORMATION TO USERS

The most advanced technology has been used to photograph and

reproduce this manuscript from the microfilm master. UMI films the

text directly from the original or copysubmitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any

type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality

'. illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adverselyaffect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will be noted. Also, if

unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from left to right in equal sections with small overlaps. Each

original is also photographed in one exposure and is included in

reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI directly
to order.

V·M·I
University Microfilms International

A Bell & Howell Information Company
300 North Zeeb Road. Ann Arbor. M148106-1346 USA.

313'761-4700 800:521-0bOO





Order Number 9118062

Study of the antigenicity of Plasmodium yoelii parasitized
erythrocyte ghost antigens and their role in protection

Terrientes, Zilka 1., Ph.D.

University of Hawaii, 1990

Copyright @1990 by Terrientes, Zilka I. All rights reserved.

V·M·I
300 N. Zeeb Rd.
Ann Arbor, MI 48106





STUDY OF THE ANTIGENICITY OF
P. yoelii PARASITIZED ERYTHROCYTE GHOST ANTIGENS

AND THEIR ROLE IN PROTECTION

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF
THE UNIVERSITY OF HAWAII IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN BIOMEDICAL SCIENCES (TROPICAL MEDICINE)

DECEMBER 1990

By

Zilka I. Terrientes S.

Dissertation Committee:

Sandra P. Chang, Chairman
Arwin Diwan
Paul Patek

Wasim Siddiqui
Leslie Tam



(c)

Copyright by Zilka I. Terrientes 1990.

All Rights Reserved



ACKNOWLEDGEMENTS

To everyone from the Department of Tropical Medicine

and Medical Microbiology, University of Hawaii, and

especially the people of the Human Malaria Research Program,

I thank you for the opportunity of learning and working

among you during my time in Hawaii. I extend my great

appreciation to Dr. Sandra Chang for her support, time and

patience and my deepest gratitute to Dr. Wasim Siddiqui for

his constant guidance and encouragement. I am indebted to

Dr. George Hui for his advice and direction, to Mr. Steve

Case for his computer and technical assistance and Dr.

Kenton Kramer for his statistical knowledge. Finally, I

wish to thank my committee professors who gave their time to

to revise this dissertation.

To all of you who made my work in Hawaii possible,

Mahalo and Aloha.



ABSTRACT

The overall obj ective of this dissertation was the

study of membrane antigens of parasitized erythrocytes in

Plasmodium yoelii, a rodent malaria model. Unstimulated

peritoneal cells from C57/Bl 10 mice phagocytosed ~. yoelii

parasitized erythrocytes in vitro more effectively in the

presence of immune and hyperimmune sera than normal sera,

suggesting these antibodies react with novel antigens

expressed in the membrane of parasitized erythrocytes. A

surface immunofluorescence assay used to detect the binding

of hyperimmune serum antibodies to surface antigens was

suggestive of, but did not conclusively demonstrate, the

presence of novel surface antigens on parasitized

erythrocytes. It was not possible to measure specific

anti-plasmodial antibody using an enzyme linked

immonosorbent assay (ELISA) although different variations of

the technique were pursued. There was no significant

difference between the binding of normal or hyperimmune sera

to normal erythrocyte ghosts or R. yoelii parasitized

erythrocyte ghosts in the ELISA. More conclusive evidence

for the presence of parasite-derived'm~mbraneantigens in

infected erythrocytes were obtained by 50S-polyacrylamide

gel electrophoresis, imrnunoblotting and immunoprecipitation

of biosynthetically labeled membrane antigens. Plasma
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membranes of ~. yoelii trophozoites contained ten

neoproteins with apparent molecular masses of 92.5, 79, 76,

69, 60, 43, 31, 30, 19 and 14.3 kDa. These proteins were

metabolically labeled with 3H Isoleucine and

immunoprecipitated by hyperimmune serum, however not all of

these proteins were detected by immunoblotting. Some of

these proteins appeared to have co-migrating normal host

membrane antigens (92.5, 80 and 69 kna) , A vaccination

experiment was performed to determine whether parasitized

membrane preparations could induce an immune response

capable of protecting mice against ~. yoelii infection.

BALB/c mice immunized intravenously with a single dose of ~.

yoelii parasitized erythrocyte ghosts without adjuvant

developed a significant level of protective immunity against

challenge with the homologous parasite as compared to

controls, immunized with normal erythrocyte ghosts. In

contrast, mice vaccinated with either two doses of normal

erythrocyte ghosts or ~. yoelii parasitized erythrocyte

ghosts with Complete Freund's Adjuvant injected

subcutaneously into the tail were not protected against

challenge with ~. yoelii parasites. The results of this

study support a possible role of parasitized erythrocyte

membrane antigens in immunity to malaria in the ~. yoelii

mouse malaria model.
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PREFACE

Most of the asexual cycle of development of the malaria

parasite occurs within the erythrocyte where it is protected

from the host's immune system by the red cell membrane

(Dayal-Drager & Lambert, 1988). Parasite components have

been shown on the infected red cell membrane of erythrocytes

infected with Plasmodium falciparum as a result of parasite

induced changes in erythrocyte membrane proteins (Howard,

1982, Sherman, 1985). Some of these surface antigens are

exposed to the host's immune system, and should therefore

serve as potential targets for immune effector mechanisms

(Dayal-Drager & Lambert, 1988, Hadley & Chulay, 1988, Howard

& Barnwell, 1985). Effector mechanisms specific for

antigens on the surface of infected erythrocytes may be

relevant to protection against malaria.

The identification and characterization of new antigens

expressed on the surface of infected erythrocytes is the

first step in stUdying the role of these antigens in

protective immunity. A variety of immunological approaches

can be employed to demonstrate and characteize these

antigens. It would be very informative to characterize this

category of parasite antigens in a rodent malaria model

because their possible relevance to protective immunity can

readily be studied in mouse vaccination experiments.

Plasmodium yoelii has been used as murine malaria model and
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causes a benign, self-limiting infection in mice. Using the

E. yoelii model we employed a variety of immunological

techniques to obtain evidence for surface antigens in

infected red blood cells. Having identified such antigens

we also examined their possible role in protection.

The specific objectives of this study were:

1. To evaluate the in vitro phagocytosis by mouse

macrophages of E. yoelii parasitized erythrocytes opsonized

with immune and hyperimmune serum as suggestive evidence for

neoantigens in the membrane of infected erythrocytes.

2. To identify and characterize parasite-encoded

proteins expressed on the membrane of g. yoelii infected

erythrocytes using the techniques of SDS-polyacrylamide gel

electrophoresis and immunoblotting, surface

immunofluorescence and metabolic labeling with 3H

Isoleucine.

3. To determine Whether parasite-encoded antigens

located in the membrane of parasitized erythrocytes are

capable of inducing protective immunity to g. yoelii

infection.



:I. :INTRODUCT:ION

It is estimated that nearly 200-300 million are

infected with malaria and approximately two million people,

primarly children die from Plasmodium falciparum malaria

(sturchler, 1989). Malaria research programs in the world

have tried to find different ways to control the disease in

man. Although the availability of the continuous in vitro

cultivation of P. falciparum (Trager & Jensen, 1976) has

resulted in major advances in our understanding of the

disease, certain aspects of malaria research have become

relevant for the development of new and more subtle ways to

control the disease in man.

The malaria parasite has a complex life cycle and

involves different stages, although certain developmental

stages seem more critical than others in providing potential

targets for protective immunity (Dayal-Drager & Lambert,

1988, Good & Miller, 1990, Perlman et al., 1988). Antigens

exposed either at the surface of the parasite or the

infected host cell are most likely to play an important role

in the development of immunity (Howard & Barnwell, 1984;

Sherman, 1985; Martinez, 1987; Hadley & Chulay, 1988). The

identification of specific malaria parasite antigens, some

of which are on the host cell surface membrane, is

considered important for the development of a malaria

vaccine. These studies are not easy however, since the
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malaria parasite is essentially intr'acellular, being

protected by a triple membrane of parasite and host membrane

origin (Trigg, 1988). This characteristic presents

practical difficulties in collecting purified parasite

material in sufficient quantity (Heidrich, 1988).

Furthermore, malaria is a complex disease in which

different host-immune mechanisms are implicated in response

to the various developmental stages. Malaria infection

induces the production of antibodies which are considered to

play an important role in protective immunity against the

malaria parasite. In general, the relevance of antibody

production has been demonstrated by passive transfer studies

which induced some reduction of parasitemia and provided a

certain degree of protection (Cohen et al., 1961). On the

other hand, human malaria studies have demonstrated that the

development of immunity requires repeated infections with

prolonged exposure. The slow development of immunity may be

due to the need for exposure of susceptible hosts to a large

number of antigenically-distinct parasite strains or for

repeated exposure to poorly-immunogenic epitopes involved in

protection (McGregor & Wilson, 1988).

The role of T cells in immunity to malaria has been

difficult to establish. Most studies have focused on

elucidating which plasmodial antigens are recognized by the

different T cell subsets as well as characterizing the
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nature of T cell responses (Allison, 1988; Good & Miller,

1990).

The importance of T-Iymphocytes in recovery from

malaria infections was demonstrated with g. berghei in

neonatally thymectomized rats (Brown et al., 1968).

Thymectomy of neonatal rats, normally resistant to this

parasite, followed by their challenge with g. berghei,

caused a marked exarcerbation of the infection. This was

demonstrated in increased mortality rates, higher

parasitemias and more pronounced anemia. Their importance

was extended by showing that an avirulent strain of g.

yoelii produces lethal infections in congenitally T-cell

deprived nude mice. In this group of mice the parasitemia

reached 80% with a heavy reticulocyte parasitemia. In

contrast, the nu/+ littermates had a maximal parasitemia of

10% and parasites were undectectable at the end of the

second week of infection (Clark & Allison, 1974). The use

of T-Iymphocytes with a chromosome marker showed that in

mice infected with g. yoelii proliferation of T-lymphocytes

is greatly stimulated (Jayawardena et al., 1975) .

Phagocytosis is a prominent feature as demonstrated by the

presence of free parasites, parasitized erythrocytes, non

parasitized erythrocytes, malaria pigment and erythrocyte

debris in macrophages of the malarious host. These

observations suggest that some mediators are released by
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these cells which are effector mechanisms of

intraerythrocytic death (Shear, 1989).

Progress towards understanding protective immunity to

malaria has been limited by the fact that the animal model

systems currently in use do not completely parallel the

situation in human malaria. The available model systems

which have been used resemble human malaria but have

distinguishing features. A large number of studies have

been performed with rodent malaria, mainly ~. berghei, in

mice and rats, and to a lesser extent with ~. knowlesi in

the rhesus monkey Macaca mulatta (Trager, 1986).

Although data from these model systems, permit a

certain degree of generalization, an additional level of

complexity is created when the collected information is

evaluated. Nevertheless, these model systems, have helped

to clarify, at least in part, acquired immunity to malaria

and provide direction for further work.

The purpose of this study was to study the phagocytosis

of ~. yoelii parasitized erythrocytes with mouse macrophages

in the presence of immune and hyperimmune sera as suggestive

evidence for neoantigens in the membrane of infected red

blood cells. In addition to characterize these antigens

using SOS polyacrylamide gel electrophoresis and

immunoblotting and metatolic labeling with 3H Isoleucine and

to examine the possible role of these antigens in
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protection. A better understanding of the acquisition of

immunity to parasite-induced products expressed at the

membrane level is necessary in order to achieve the goal of

developing a malaria vaccine.

The following chapter reviews background information on

g. yoelii infection of the mouse, a model which requires a

T-cell dependent humoral immune response for infection

resolution. Furthermore, it includes some descriptions of

the mechanisms of immunity with a special interest in rodent

malaria and its relevance to protection in g. falciparum and

P. knowlesi. Also discussed are current developments in

studies of red cell membrane alterations due to malaria

parasite infection based on the most common animal models as

well as on human malaria.
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II. REVIEW OF LITERATURE

A. General Characteristics of Rodent Malaria with

Special Reference to Plasmodium yoelii

1. Historical Dotes

It is well recognized that studies on rodent malaria

have contributed significantly to our understanding of the

possible mechanisms of acquisition of immunity against human

malaria. This knowledge has given an impetus to the

development of human malaria vaccines.

Interest in rodent malaria models began with the

discovery of Plasmodium berghei sporozoites in the salivary

glands of Anopheles dureni millecampsi by Vincke in Katanga

in 1943. Then in 1948, Vincke and Lips found malaria

parasites in the blood of an African rodent, Grammomys

surdaster near Elizabethville; thereafter other rodents have

been shown to harbor the parasite (Landau & Boulard, 1978).

In 1964 and 1965, in the border of a primary

rainforest in the Central African Republic, Landau and

Chabaud discovered £. chabaudi chabaudi and £. yoelii yoelii

from the blood of a wild rodent Thamnomys rutilans captured

near the field station of liLa Maboke ii • The blood of this

particular rodent was used to inoculate mice which became

infected with both £. chabaudi and £. yoelii. It was then

possible to isolate an unmixed line of g. voelii named 17X,
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after the first mosquito transmission in mouse in the

laboratory. Interestingly, the strain 54X was isolated from

another~. rutilans captured with a patent infection but no

other malaria parasite was observed after several

subinoculations of blood in mice (Landau & Killick-Kendrick,

1966).

g. yoelii 17X strain is one of the several rodent

malaria parasites isolated in Africa. Wery in 1966 studied

the life cycle and pathogenesis of the parasite in mice and

in young rats and he observed the course of infection to be

mild and chronic. Then, a few years later, Yoeli et al.,

(1975) experienced a rapid change of g. yoelii strain from

a benign form to a virulent and consistently deadly

infection. This increase in virulence was retained after

four cyclical passages through Anopheles stephensi and A/J

mice and blood subinoculations. It seems that the 17X

strain of g. yoelii changed following a period of 110 days

in the deep freeze. This strain is now known as the lethal

strain of g. yoelii XL or YM.

2. General Remarks on the Life Cycle of g.yoelii

In the life cycle of murine malaria parasites,

gametocytes are ingested by the Anopheles mosquito with a

bloodmeal. In the midgut of the mosquito the

macrogametocyte transforms into the female-gamete (macro),

While the microgametocyte undergoes eXflagellation,
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liberating male-gametes (micro), which fertilize the female

gametes. After the fertilization follows the formation of

the motile ookinete which very actively passes through the

midgut wall. On the outer side of the midgut the ookinete

develops into an oocyst which matures within 8-15 days

depending upon the environmental temperature. When the

oocysts mature a mechanical rupture occurs liberating

sporozoites which move towards the salivary glands where

they accumulate prior to being inoculated into another

rodent when the mosquito feeds again (Landau & Boulard,

1978).

The sporozoite continues traveling via the bloodstream

and finally arrives at the liver reaching the interior of

the hepatocyte where the pre-erythrocytic schizont develops.

This schizont matures within 42 to 72 hr after the infective

bite, releasing between 2000 and 20,000 merozoites into the

circulation (Landau & Boulard, 1978).

These merozoites enter red blood cells where they

develop into trophozoites and schizonts with several asexual

cell divisions (18-21) to form schizozoites. Then, they

invade new red blood cells and another schizogony begins.

Some schizozoites develop directly into gametocytes (Landau

& Boulard, 1978).

P. yoelii trophozoites have a predilection for

reticulocytes in the circulation. The exoerytrocytic cycle
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in the liver of white rats requires a minimum of 43 hr. The

sporogony is relatively rapid, on an average of 9 days. The

growth of sexual and asexual stages takes 22-42 hr. (Landau

& Killick-Kendrick, 1966).

The course of infection of ~. yoelii varies for

different strains of the parasite. CBA mice inoculated

with ~. yoelii (17X, non lethal strain) develop a self

resolving infection lasting 15-18 days, reaching the peak

parasitemia by day 12. Upon recovery from a primary

infection, mice are resistant to further infection. When

CFl mice are inoculated with the virulent strain of ~.

yoelii 17XL parasitemia rises rapidly from the third day

following inoculation and the infected mice usually die by

the seventh day (Hargreaves, et al., 1975, Jayawardena et

al., 1978).

B. Role of Antibodies in Immunity to the Erythrocytic

stages in Rodent Malaria with special Reference to ~. yoelii

Although antibodies clearly play a functional role in

the acquisition of immunity, the mechanisms to achieve their

protective effects remain to be clarified.

1. Relevance of antibodies

Diggs and Osler in 1969, produced an hyperimmune serum

by weekly intraperitoneal injections of ~. berghei

parasitized erythrocytes continued for 2 to 3 months. They

demonstrated that the administration of 0.5 ml/l00 gm body
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weight of this hyperimmune serum was capable of inducing

protection when rats were challenged with 108 £. berghei

infected erythrocytes. These mice developed reduced

parasitemias compared with the control mice receiving normal

sera which did not survive the challenge.

Cox and Turner in 1970 studied the antibody levels in

mice infected with £. yoelii using the fluorescent antibody

technique with specific anti-mouse Ig. Their experiment

showed that following infection, the IgM and IgG antibodies

rise rapidly throughout the period of the patent parasitemia

reaching a peak 20-25 days after infection and remain

elevated for the remaining 39 days of the experiment even

after the parasites had disappeared. The level of IgG

antibody paralleled that of total Ig, while the IgM level

rose rapidly until the peak of the parasitemia. IgM levels

reached a plateau that lasted for about 10 days, after which

they rose again by days 25-40 after infection.

Weinbaum et al., (1976) demonstrated the requirement of

both T cells and B cells for the acquisition of immunity in

adult BALB/c mice during the course of infection with £.

yoelii 17X non lethal strain. Their experiments showed that

mice suppressed from birth with goat antibody to mouse u

chain (B cell deficient) were unable to control the fatal

infection of £. yoelii compared to age and sex-matched

BALB/c controls. On the other hand, a markedly increased
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parasitemia and mortality was observed in athymic (nude T

cell deficient) mice after inoculation with £. yoelii as

compared to similar mice which had been grafted with

neonatal BALB/c thymus.

Serum from mice recovered from a single £. yoelii

infection was ineffective in transferring immunity

(Jayawardena et al., 1978). In contrast, hyperimmune serum

from mice repeatedly challenged with g. yoelii was capable

transferring protection against a challenge inoculum of 104

parasites but not a higher inocululU of 105 parasites

(Jayawardena at al., 1978). In addition, passive transfer

was ineffective when hyperimmune serum was administered to

T-cell deprived recipients (Jayawardena et al., 1978).

In other experiments, passive transfer of hyperimmune

sera collected from mice repeatedly infected with £. yoelii

protected intact mice but caused only a delay in the onset

of the infection when administered to T-cell deprived

recipients (Jayawardena et al., 1979).

Freeman & Parish (1981) considered the possibility that

antibodies are responsible for controlling parasitemias and

clearance of the erythrocytic stages of g. yoelii. Their

experiments showed that BALB/c mice receiving a dose of 0.5

ml of hyperimmune serum at the time of challenge with 104

£. yoelii parasites failed to develop patent parasitemias.

In addition, it was also possible to delay the course of the
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infection in recipient animals by administration of sera

from convalescent mice (recovered from~. yoelii infection)

at the time of the challenge. It has been reported that

immediate but not delayed hypersensitivity to ~. yoelii

correlates with the elimination of sublethal infection

showing the relative importance of humoral immunity (Murphy

& Lefford, 1979b).

Furthermore r a,ntibody-dependent opsonization leading to

phagocytosis of infected erythrocytes is a prominent feature

in rodent malaria. Chow & Kreier in 1972 studied t.he

adherence and phagocytosis of ~. berghei using macrophages

collected from normal rats, rats with active parasitemias (7

days post inoCUlation), or recently recovered rats. Their

results indicated that phagocytosis of parasites was more

effective when immune macrophages and immune serum were

acting together. Immune serum increased the phagocytic

activity of normal and immune macrophages more than did

normal rat serum or fetal bovine serum. In addition, immune

macrophages were capable of adherence and ingestion of

parasites isolated during the early phase of the disoase (7

days post inoculum) than the parasites isolated from rats

with prolonged parasitemias (16 days after inoCUlation).

While normal macrophages with normal serum were only capable

of adherence rather than ingestion of parasites isolated at

7 days post inoculation, normal macrophages with immune
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serum were capable of adhesion and ingestion of parasites at

16 days of inoculation. These experiments demonstrated the

capability of immune serum to enhance the phagocytic

efficiency of normal and immune macrophages.

Hunter et al., in 1979 showed that hyperimmune serum

caused a higher degree of phagocytosis of schizont and late

trophozoite enriched~. berghei infected red blood cells as

compared with nonimmune serum in an in vitro assay using rat

peritoneal macrophages. In addition, they demonstrated that

absorption of either hyperimmune or nonimmune serum with

infected red blood cells decreased the phagocytosis

promoting activity, whereas absorption with normal red blood

cells did not. The opsonic activity was specific for

infected red blood cells specifically schizonts and late

trophozoites since normal red blood cells were rarely

phagocytized and did not absorb opsonic activity from serum.

Shear et al., in 1979, demonstrated that splenic

macrophages from ~. berghei-infected mice were more

efficient in the ingestion of parasitized reticulocytes than

spleen macrophages collected from normal macrophages. Tosta

& Wedderburn in 1980 reported that immune serum caused a

significant enhancement of phagocytosis of ~. yoelii

parasitized erythrocytes as compared to normal serum with

unstimulated peritoneal cells from C57BI mice. According to

Jayawardena et al., (1977), there is an increase in monocyte
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response when normal CBA mice are infected with E. yoelii

(17X). The monocyte levels varied from 380 ± 71 mm3 in

normal mice to a peak of 29,206 + 4635 mm3 at 13 days

infection.

Unfractionated spleen cells as well as T or B cell

enriched spleen cells were shown to be capable of

transferring protective immunity to P. yoelii in A/Tru mice.

This adoptive immunization was detected by day 7 of the

primary, nonvirulent infection and the immunization reached

peak levels on day 14. Interestingly, this transfer of

immunity was only possible in immunocompetent recipient mice

(Fahey & Spitalny, 1986).

Experimental studies have demonstrated that cell

mediated immunity plays an important role in the recovery

from Plasmodium infection as well as in resistance to re

infection (Brown, et al., 1968, Clark & Allison, 1974). On

the one hand, antibodies work together with this system; in

some host-parasite relationships antibodies are required for

recovery from the first wave of parasitemia and for sterile

immunity (Roberts & Weidanz, 1979). On the other hand,

effectors of cell-mediated immunity are considered to be

triggered specifically in a thymus-dependent manner whereas

a nonspecific activation can be induced by Mycobacterium

tuberculosis BeG or other agents (Clark et al., 1976;

Allison, 1988). Some studies (Clark et al., 1975, Quinn &
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Wyler, 1980) have considered that the first evidence of

cell-mediated immunity to Plasmodium ocurred in experimental

animals in which degeneration of parasites within

circulating infected red blood cells (crisis forms) was

observed. This is may have be the result of different

factors released from effector cells into plasma or due to

the production of superoxide and other oxidants by

leukocytes (Allison, 1984). It has been speculated that

activation of the oxidative burst occurs after the binding

of the macrophages and oth£~ mononuclear cells to infected

red cells. These cells act as effector cells against the

infected erythrocytes and impede parasite growth within the

red blood cell (Allison & Clark, 1977).

2. Evaluation of Protective Immunity

It has been very difficult to correlate acquired

protection to malaria with the results of serologic assays.

In rodent malaria higher antibody titers are produced after

the second exposure to the parasite (i.e., with hyperimmune

serum) than after the primary exposure. Taylor, (1989)

considers that "repeated exposure could result in (1)

increased antibody titers, (2) recognition of antigens not

previously recognized (i. e., minor antigenic determinants or

antigenic variation), and/or (3) increased antibody quality

(Le., affinity, avidity, isotype, etc.)". Taylor, (1989)

examined the immune response of BALB/c mice Which were
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infected with ~. yoelii 17NL. Serum samples were collected

at various times: at 2 weeks after infection (acute sera),

at 2 weeks after the parasites have disappeared from blood

and at 2 weeks after 2 to 8 challenges given with the ~.

yoelii lethal strain. The sera collected were subject to

three different tests as follows: (1) antibody titers (total

and isotype specific) measured by radioimmunoassay (RIA);

(2) passive transfer of immunity with various sera and (3)

the immune-precipitation of 35S- me t h i on i ne - l a b e l ed P. yoelii

antigens. It was found that antibody titers were higher

during the secondary exposure compared with the primary

infection and that IgGz and IgG3 titers were specifically

elevated. There was significant protection by passive

transfer of sera from secondary exposure which was better

than of sera collected from the primary infection.

Interestingly, equivalent serum antibody titers were

observed with sera collected after 2 to 8 challenges and

similar results were also obtained in the passive transfer

protection experiments. In addition, the irnmune

precipitation showed no antigenic specificities in these

antibodies following the second infection which were not

evident after the primary infection. Druilhe and Khusmith

(1987) used a phagocytosis assay to measure the prevalence

of cytophilic antibodies directed against Plasmodium

falciparum merozoites in three differents groups of SUbjects
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from Africa. Their results suggested that the rate of

antibody-dependent merozoite phagocytosis appears to be more

closely related to the presumed protective status of the

individual than any other antibody tests.

c. Humoral J:mmune Responses in Monkeys and Man to Ma1aria1

Parasites

Early studies of protection by passive transfer were

performed in 1937 by Coggeshall & Kumm. They demonstrated

that naive monkeys when challenged with E. knowlesi were

protected by passive transfer of sera from rhesus monkeys

with chronic E. knowlesi malaria. However, in order to

induce an inhibitory effect it was necessary to use large

amounts of sera. To produce this hyperimmune sera the

chronically infected rhesus monkeys were infected several

times. This protection, however, was not complete since

monkeys receiving daily doses of 5 and 2.5 cc of hyperimmune

sera for 10 days were incapable of completely eliminating

the malaria parasite infection although they were able to

survive the lethal challenge.

Cohen et al., (1969) showed that serum from monkeys

immune to E. knowlesi were able to inhibit the cyclical

proliferation in vitro. A year later, Cohen & Butcher

(1970), reported that under in vitro conditions immune serum

had no effect on the growth of intracellular parasites but

inhibits the succeeding cycle of parasite development.
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One important contribution was made by Cohen et al.,

(1961) when they demonstrated the protective effectiveness

of antibody in human malaria. They administered purified

gamma globulin from adults residing in the hyperendemic area

of Gambia to 12 West African children with heavy ~.

falciparum infections. A considerable reduction in

parasitemia was observed when these children received a

total of 1.2 to 2.5 qm of immunoglobulin at 8 to 24 h

intervals over a 3 day period. The therapeutic effect was

not observed in untreated cases or in Subjects who received

either control gamma globulin-depleted sera or serum from

healthy Europeans.

D. site of Action of Protective Antibodies

The blood stages of Plasmodium spp. present different

developmental for.ms, both intracellular and extracellular.

It has been shown that immune serum contains antibodies

which react specifically with free merozoites and the cell

surface of infected erythrocytes. These antibodies were

considered to be the most important in the elimination of

malarial parasites (Jayawardena, 1981: Taylor, 1989).

Two criteria are important in the identification of

malarial antigens which may be recognized by the protective

immune response. On the first hand, a critical feature may

be the location or accessibility of the antigen at the

parasite surface or on the surface of parasitized red blood
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cells. Such locations should allow these molecules to serve

as targets for host immune effector mechanisms. On the

other hand, differences in antigen reactivity among

antibodies observed in sera from hosts with known histories

of malaria exposure and evidence of immunity to malaria

infection may identify relevant antigens. Although the

presence or absence of a specific antibody is not by itself

a good indicator of protective immunity, it seems relevant

that immune hosts possess higher levels of antibodies which

are presumably directed against specific parasite antigens

than non-immune controls (Newbold, 1985).

It has been shown that passive transfer of specific

monoclonal antibodies (mAbs) against the merozoite surface

of E. yoelii produced significant inhibition of parasitemia

and allowed mice to survive the challen0e with a E. yoelii

lethal strain. other mAbs, containing antibodies apparently

directed against infected erythrocytes were incapable of

inducing protection in mice in passive transfer experiments

after challenge with E. yoelii (Freeman et al., 1980)

demonstrating the role of the merozoite surface antigen in

antibody-mediated protective immunity.

Some structural modifications in the surface of the ~.

falciparum infected erythrocyte have been identified by

electron microscopy. These modifications, which have been

described as "knobs", form electron dense structures which
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represent a convex shaped protrusions of the host cell

membrane, lipid bilayer and underlying cyto-skeleton

(Allred et al., 1986, Deans & Cohen, 1983, Trager et al.,

1966). These knobs are only expressed on trophozoite and

schizont-infected erythrocytes (Kilej ian, 1979). The

association of three malarial proteins with knobs in E.

falciparum has been reported (Howard, 1988a). These

proteins which appear to be exported from the intracellular

malaria parasite via the host erythrocyte cytoplasm to the

surface membrane are: E. falciparum erythrocyte membrane

protein 1 and 2 (Pf EMP 1 - Pf EMP 2) and E. falciparum

histidine rich protein (Pf HRP 1). Pf EMP 1 is located at

the surface of the knobs and may be associated with an

important role in cytoadherence (Luse &Miller, 1971, Trager

et al., 1966). Pf EMP 2 or mature parasite erythrocyte

surface antigen (MESA) is reported as electron dense

material under knobs (Howard, 1988a). Pf HRP 1 has been

called a knob protein since it was correlated phenotypically

with knob expression (Kilejian, 1984).

Another ~. falciparum antigen associated with the

infected erythrocyte membrane is Pf155 or RESA. The Ring

Infected Erythrocyte Surface Antigen (RESA) has been

localized to the micronemes of merozoites and in the surface

membrane of the early trophozoite after the merozoite

invades the host cell (Brown et al., 1985, Perlmann et al.,
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1984) • It seems likely that RESA is released via the

merozoite apical pore at the moment of invasion (Anders,

1989).

E. Morphological Alterations in the Surface Membrane of

Blood Cells During Malaria Infection

The invasion of red blood cells by plasmodial parasites

alters host cells morphologically, structurally and

functionally. When the parasite grows within the host cell

from the ring to the schizont stage, the red cell changes

its shape from a biconcave disc to a sphere with surface

crenations. New antigens are expressed on the red cell

surface while others are lost and there may be changes in

the transpoI:'t system of the cell membrane. Thus, in

addition to protecting the growing parasite from the host

immune response, the host erythrocyte membrane provides

factors which are required for its growth and reproduction

(Trigg, 1988).

In red cells infected with g. vivax, g. ovale, g.

coatneyi, g. cynomolgi, g. falciparum, g. gonderi and g.

lophurae the appearance of cytoplasmic clefts surrounded by

a single unit of membrane has been observed (Aikawa, 1966,

Aikawa, 1971, Aikawa et al., 1986, Rudzinska & Trager,

1968) • The caveo1ae are small membrane invaginations

observed by electron-microscope studies in g. vivax, g.

ovale, and g. cynomolgi infected red blood cells. These



22

structures are seen as a fine stippling pattern after Giemsa

staining known as Schuffners dots. In addition, some

malaria parasites such as £. falciparum, induce the

formation of knobs or electron dense excrescences on the

surface of red blood cells. These conical protrusions (-100

nm diameter, 30-40 nm height) appear beneath the red cell

membrane in trophozoite infected cells. By scanning

electron microscopy it has been observed that the knob size

decreased from the trophozoite to schizont while knob

density in the membrane inc:r~ased as the parasi.te grows to

maturity (Howard, 1988a; Trigg, 1988).

F. Studies of Membrane Proteins in the Infected Malaria

Erythrocyte

A variety of different techniques have been used to

study the effect of the malaria parasite on the red cell

plasma membrane. One of the most common methods used in the

identification and isolation of malaria parasite antigens is

metabolic labelling of parasite proteins in culture. Since

mature erythrocytes are incapable of protein biosynthesis,

those proteins of the infected erythrocyte which become

metabolically labeled with radio-isotope sugars or amino

acids are assumed to be the result of malaria parasite

protein synthesis (Sherman, 1985). Labelling can be done

with 14C, 35S_ , and 3H- ami no acids. Incorporation of

radioactive labeled is generally achieved by the omission of
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the selected amino acid in a special culture medium which

forces the parasite to use the radiolabelled amino acid for

protein synthesis (Kilejian 1979, Heidrich, 1988). This

method is generally one of the first steps in identification

and isolation of antigens.

A second approach to identify and characterize malaria

parasite antigens is Pulse-chase labelling. In this

technique a strong pulse of radiolabelled substrate-material

is introduced into the culture during a period of 30 minutes

to 4 hours and then is chased with a ten-fold higher

concentration of the corresponding "cold" moleculs. This

enables a study of incorporation and fate of the

radiolabelled substance in proteins or in their processing

products. In these studies, the only proteins detected are

those labelled during the pUlse period. This method is

more often used to evaluate protein precursors or protein

processing (Heidrich, 1988).

Parasite surface antigens may also be identified by

surface radiolabelling techniques. Iodination with 125r

catalysed by lactoperoxidase is considered to be the most

effective method for surface radiolabeling. However, to

achieve good results it is necessary to have intact cells to

ensure that only surface proteins and no internal proteins

are labeled. Another alternative is the Iodogen (Iodobead)

method while it is considered to be a less sensitive assay,
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the iodobead method is recommended when cells appear to be

leaky. Since the iodine is bound to solid beads,

penetration into the cells is less likely (NeWbold, 1985;

Heidrich, 1988).

The techniques described above allow the labelling of

accesible tyrosine residues on surface protein antigens and

will result in the labeling of surface proteins of both host

and parasite origin. However, Heidrich (1988) has stated

that "considerable experience is necessary before such

techniques can be used successfully and all the various

reagents and reaction steps must be carefully tested in

order to discover the best suited labelling procedure".

During the extraction of labeled antigens from infected

red cells, protease inhibitors should be used to recover the

antigen (s) in as much intact form as possible. Generally

a protease blocker cocktail is used which can include

phenylmethanol sulphonyl fluoride (PMSF), EDTA, 10 roM;

Antipain, Pepstatin, Bestatin, and iodoacetamide. Non-ionic

or ionic detergents are currently used for the extraction of

membrane-associated antigens, and include Nonidet NP40,

Lubrol, various Tritons, or desoxycholate. Extraction

should be carried out on ice for 30 minutes to 4 hours and

samples are cleared by centrifugation for 60 min at 100,000

at 4 C (Heidrich, 1988).
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Another approach to identify surface antigens utilizes

antibody as a surface-specific reagent. Since viable intact

cells are not permeable to immunoglobulins because of their

size, antibodies bind to surface determinants when incubated

with metabolically labelled parasites or parasitized cells.

Thus, parasite molecules associated with antibody can be

identified after washing and immunoprecipitation (Newbold et

aJ., 1982) or binding of the antigen-antibody complex to

Protein A or Protein G (Heidrich, 1988).

Different techniques have shown that spectrin, a

peripheral protein in red cell membrane which consists of

two large distinct polypeptides, band 1, Mr 240 K and band

2 Mr 220 K, is degraded during the development of the

parasite in the red blood cell. In addition, two features

are usually observed when the parasite develops to the

schizont stage. First there is an increase in staining

intensity of bands of lower molecular weights and second

there is an appearance of new proteins with molecular

weights of 53 K. These changes are considered the result of

the activation of endogenous proteases (Trigg, 1988).

Howard et al., in 1980a, 1980b reported new proteins on

the surface of infected cell as well as on uninfected cells

from the same host during both £. berghei and £. yoelii

infections. possible explanations given for this result

were (1) the release of parasite derived antigens during
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rupture of the mature schizont, (2) the binding of host

derived serum components to all red cells, or (3) limited

proteolysis of normal red cell membrane proteins by

activated enzymes in the plasma of infected hosts.

studies using lactoperoxidase-catalysed radio-

iodination to compare the surface proteins on red cells from

g. yoelii, E. berghei infected erythrocytes and normal

BALB/c mica showed new red cell menbrane protein of medium

to low molecular weights (73 K, 60 K, 54 K, 50 k, and 40 K),

which seemed to replace proteins of the normal erythrocyte

of 65 K, 57 K, 48 K, 38 K, and 32 K. Interestingly, certain

normal red cell surface proteins were lost during infection.

These results led the authors to conclude that new surface

proteins may be derived from proteolytic cleavage of host

proteins (Howard, et al., 1980a, 1980b).

Howard (1982), proposed "that there are two broad

hypothetical categories that should describe the nature of

any alterations in surface membrane properties of surface

infected-red blood cells: (1) alterations in components

synthesized by and derived from the host, and (2)

alterations due to insertion/attachment of components

synthesized and derived from the malaria parasite ii •

Biochemical and immunological studies have suggested

that parasite-derived proteins are inserted into the host

cell surface membrane during the development of the parasite
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from the ring to schizont-stage (Wallach & Conley, 1977;

Kilejian, 1980; Howard, 1982). However, it has been very

difficult to explain how these proteins become transported

across the parasite plasma membrane, the parasitophorous

vacuolar membrane and the red cell membrane.

There have been some hypotheses, such as that parasite

material could be first inserted into the parasitophorous

vacuole membrane and then carried out to the red cell

surface by the clefts located in the red cell cytoplasm

(Bannister, 1977). Two possible models for transport have

been suggested by Howard (1982). In one model, parasite

antigen is always membrane bound while in the second model,

parasite antigen exists in soluble and membrane bound forms.

These scheme~ of protein movement and topogenesis in the

malaria i::~"::act.ed erythrocyte proposed by Howard et al.,

(1987) are based on studies of cryo-thin section immuno

electron microscopy and traditional transmission electron

microscopy. These studies have identified numerous

organelles and new structures in the host cell cytoplasm

(Howard, 1988b). These parasite-derived organelles might

explain how parasite proteins are transported from the

cytoplasm to the host cell surface membrane, their final

destination (Howard, 1988b).
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G. Antibody Responses Directed Against Antigens on

Malaria-Infected Erythrocytes

During the malaria life cycle, trophozoite- and

schizont-infected red blood cells persist many hours in the

circulation as compared with merozoites which remain for a

few minutes. Thereafter they pass through the spleen where

a variety of parasiticidal response are thought to occur

(Smith et al., 1982, Quinn & Wyler, 1979). There is enough

time and opportunity for the host to trigger a wide variety

of immune response mechanisms against the immature blood

stages. It has been possible to demonstrate new antigens

(neoantigens) on the surface of malaria-infected

erythrocytes with an assortment of techniques in various

malaria-parasite systems (Deans & Cohen, 1979; Deans et al.,

1978; Schmidt-Ullrich et al., 1979a, 1979b; Schmidt-Ullrich

& Wallach, 1978; Kilejian 1980, 1981; Howard et al., 1982a,

1982b; Schmidt-Ullrich et al., 1982; Brown et al., 1982).

Some of these antigens are capable of inducing host immune

responses; for example, protective immunity in different

host-parasite systems have been produced by immunization

with irradiated parasitized cells (Wellde & Sadun, 1967),

heat inactivated parasitized red blood cells (D'Antonio,

1972), soluble extracts of infected erythrocytes and

formalin-treated infected erythrocytes, generally using
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Freund's complete adjuvant (Cohen & Mitchell, 1978,

Desowitz, 1975).

The following evidence suggest that some of the

antibody produced during a malarial infection is directed in

part against parasite antigens on the surface of infected

erythrocytes:

1. Agglutination by serum from infected hosts

The schizont-infected-cell-agglutination (SICA test) or

antibody mediated agglutination reaction was used to

demonstrate the successive parasite populations from chronic

£. knowlesi infections displaying different antigens which

were made evident by the changing specificity of antisera

obtained after each infection (Brown & Brown, 1965).

Further studies by Vincent & Wilson (1980) showed that

antigen responsible for agglutination of parasitized

erythrocytes in SICA test is firmly bound to membranes.

Marsh et al., in 1986 described a micro-agglutination

assay which detects antibodies from immune adults in an

endemic malarious area (The Gambia) against the surface of

infected red blood cells. In this assay, only mature

trophozoites and schizonts gave positive results. This

feature lead the authors to suggest that intracellular

development of the parasite is important for expression of

antigens on the erythrocyte membrane.
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2. Antibodies from infected hosts mediate opsonization

in vitro

Experimental studies by Shear et al., (1979)

demonstrated that splenic macrophages from malaria infected

mice were capable of phagocytosis of ~. berghei-parasitized

erythrocytes in vitro. In addition, the ingestion seemed to

be mediated by malaria specific immunoglobulins, mainly IgG

but also IgM, which bind to the surface of parasitized

cells.

Furthermore, Celada et al., (1982) showed an opsonic

activity of human immune serum from individuals living in

areas of endemic malaria. Their studies indicated that the

opsonization of ~. falciparum-infected red blood cells and

subsequent phagocytosis were dependent on the stage of

development of the intracellular parasite. In these

studies, immune serum enhances the phagocytosis of infected

erythrocytes which contain trophozoites and schizonts but

not ring forms, consistent with the above observations of

Marsh et al., (1986).

3. immunoelectronmicroscopy studies of binding of

antibody from infected host to the surface of infected

erythrocytes

Langreth & Reese (1979) studied the antigenicity of

membranes of Aotus monkey and human erythrocytes infected

with ~. falciparum. Antibodies bound to the knob
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protrusions of infected erythrocytes of both human and

monkey origin and from both in vitro an in vivo infections.

In addition, control uninfected erythrocytes and knob1ess

infected erythrocytes did not bind antibody from immune

sera. These investigators concluded that the loss of knobs

can be associated with antigenic modulation of the infected

erythrocyte surface.

Later, Brown et a1., (1982), in a series of experiments

using ferritin-labelling techniques at the ultrastructural

level have demonstrated the binding of antibodies from ~.

berghei-infected rats to the surface of infected

reticu10cytes but not to uninfected cells. A limited,

peripheral ferritin labeling was seen over the entire

surface of the pre-fixed infected cell using hyperimmune

serum which had been preabsorbed with uninfected

reticu1ocytes. In addition, increased ferritin labeling was

observed when pre-fixed cells where incubated with

hyperimmune sera which was directly used from -70 C. Thus,

the absorption of hyperimmune sera with infected

reticulocytes resulted in the elimination of cell surface

labeling which indicated the presence of parasite-specific

antigen. Furthermore, the cold reacting isoantibodies which

are known to be present in hyperimmune sera blocked the

antibody binding to parasite specific antigen (Brown et al.,

1982).
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4. Detection of antibodies usinq fluorescent or

radiolabeled secondary anti-immunoqlobulin bound to the

surface of infected erythrocytes

Kim et al., (1980), carried out a solid-phase

radioimmunoassay (SPRIA) in microtiter wells for detecting

antibodies recognizing E. yoelii antigens. A significant

binding to the surface of intact infected erythrocytes was

demonstrated with hyperimmune serum but there was no binding

when normal red blood cells were used as an antigen.

However, when monoclonal antibodies against E. yoelii were

used, SPRIA detected antibody binding to free parasites but

not to the surface membrane antigens on the infected

erythrocytes.

Hommel et al., 1982, demonstrated specific surface

determinants on the surface of E. falciparum infected

squirrel monkey erythrocytes using the fluorescent labelling

of intact cells in suspension. It appeared that these

determinants were strain-specific.

Surface immunufluorescence using immune squirrel monkey

serum was used to detect new antigenic determinants on the

surface of erythrocytes infected with late developmental

stages of E. knowlesi. These experiments demonstrated that

the expression of parasite-specific antigenic determinants

on the surface of the host erythrocyte membrane are
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modulated by the presence or absence of the spleen and by

immune pressure (Hommel et al., 1983).

A surface immunofluorescent antibody test using an

anti-Fe secondary reagent was used to detect human

antibodies specific for antigens on infected red blood cells

from ~. falciparum-infected patients. However, only

infected erythrocytes containing mature trophozoites and

schizonts were positive (Marsh, et aI, 1986).

5. Antibody directed against antigens on infected

erythrocytes identified by radiolabeling cell surface

proteins

In 1982, Schmidt-Ullrich et al., reported that antigens

common to~. knowlesi and~. falciparum are detected by sera

of Gambian individuals and rhesus monkeys immune sera when

membranes of ~. knowlesi infected erythrocytes are labeled

with 125I using the lactoperoxidase-catalized

radioiodination.

H. Red Cell Antibodies in Malaria

It has been suggested that malarial antibody blocks the

invasion of erythrocytes by merozoites and may operate as an

opsonin to facilitate phagocytosis of merozoites and

infected red blood cells with mature parasites. However, it

also has been reported that erythrocyte membrane-associated

immunoglobulins, specifically IgG and IgM, are bound to the

surface membranes of both parasitized and non-parasitized
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erythrocytes during malaria infection of patients, mice and

monkeys (Lustig, et al., 1977; strickland & Hunter, 1980).

Therefore, the role of parasite antigen-specific antibodies

in opsonization of phagocytosis is unclear.

Lustig et al., (1977) demonstrated the presence of cold

reacting IgG and IgM bound to circulatory erYthrocytes,

mainly reticulocytes during g.berghei infection. They

suggested that these Ig are antibodies directed against the

membrane of parasitized reticulocytes, non-parasitized

reticulocytes and/or modified host membrane antigens.

Furthermore, it has been observed that the increase of

surface-bound immunoglobulins correlates with the level of

parasitemia and the greatest amount is exhibited by the

schizont-infected cells (strickland & Hunter, 1980). In

addition, non-infected erythrocytes have also shown

significant binding of surface-immmunoglobulins during the

course of infection and these phenomenon became more evident

after the clearance of parasitemia (strickland and Hunter,

1980).

De Souza & Playfair, (1983) have suggested that

autoantibody activation in malaria results .. from polyclonal

B cell activation, the attachment of soluble parasite

antigens to erythrocyte surfaces, antibody induction by

cross-reactive plasmodial antigens, and malaria-associated

suppression of Ts cells activity". In addition, the
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adherence of immune complexes to the erythrocyte surface has

been considered by Lustig et al., (1977) and Facer, et al.,

(1979).

Based on their experiments, strickland & Hunter, (1980)

have suggested that antibody has a dual role during malarial

infections: liOn t.ne one hand, binding of specific

antiplasmodial antibody to schizont or late trophozoite

infected RBC may enhance their recognition and phagocytosis.

On the other hand, antibody bound to noninfected RBC may

potentiate the anemia due to parasite rupture of RBC".

I. Vaccination studies

A better understanding of mechanisms involved in

naturally acquired immunity is essential in the design of a

malaria vaccine. However, the achievement of a malaria

vaccine have been very difficult. It needs to be considered

that in nature the acquisition of malaria immunity is

achieved after repeated infections over many years. In

addition, clinical immunity is developed only after being in

contact with several antigenically different strains (Hadley

& Chulay, 1988). Furthermore, the amazing degree of

antigenic polymorphism displayed by malaria parasites may be

an important factor responsible for the slow rate of

induction of pratective immunity.

Several approaches are being taken to identify antigens

which may be of importance for malaria vaccine development.
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The following section will focus on a few antigens,

principally those which are considered to be erythrocyte

surface antigens.

Immunization studies with £. berghei in rats and mice

using irradiated (Wellde & Sadun, 1967), heat-inactivated

(DIAntonio, 1972) or formalin-killed (Murphy, 1983; Murphy

& Lefford, 1979a) infected red cells as a source of antigen

have been reported. A higher degree of immunity in

vaccinated mice was demonstrated when the immunization was

carried out by intravenous injection of asexual blood

parasites as compared to other routes (Jerusalem & Eling,

1969).

In other experiments, it seems likely that the

induction of antiparasite response in mice immunized with

soluble and membrane fractions of £. berghei parasites is

associated with schizont and merozoite antigens of infected

erythrocyte membrane origin (Speer et al., 1976; Grothaus &

Kreier, 1980).

A series of immunization experiments required adjuvants

to immunize against the asexual blood stage of £. berghei

(Desowitz 1975; Grothaus & Kreier 1980) , £. yoelii (Playfair

et al., 1977; McColm et al., 1982) and £. chabaudi (Newbold

et al., 1984).

Wunderlich et al., (1988b) immunized NMRI and B10 mice

with the surface membrane of £. chabaudi infected
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erythrocytes mixed with equal volume of Freund's complete

adjuvant and subcutaneously injected at the base of the

tail. Immunized mice were protected from the lethal

challenge of the homologous parasite. However, protection

did not affect the prepatent period, and there was no

modification in the course of infection or maximal

parasitemia.

Mogil et al., (1988) reported that a parasite-derived

antigens on the £.yoeliiX-NL infected erythrocyte membrane

could be isolated with class I MHC antigen (CLAPA). When

injected intravenously, CLAPA induced protection in vivo.

It was observed that CLAPA complexes did not induce an

elevation of lymphocyte or polymorphonuclear leukocyte

populations but a trasient reticulocytosis and monocytosis

was observed in the immunized mice. Interestingly, the in

vivo immunogenicity of CLAPA did not require the addition of

adjuvant.

Available information indicates that the

intraerythrocitic parasite export specific proteins to the

surface membrane of infected erythrocytes. Some of these

form antigenic determinants on the surface of infected red

blood cells, such as the £. knowlesi variant antigen (Howard

& Barnwell, 1983, Howard et al., 1984) and Pf EMP 1 of £.

falciparum (Howard, 1988b). There is a strong possibility

that these antigens become targets of protective immunity
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since they are directly exposed to the immune system for

prolonged periods of time. Antibodies to parasite proteins

on the surface of an infected erythrocyte might alter the

normal physiology of the parasite or could be involved in

killing the parasite by antibody-dependent cell mediated

mechanism of the spleen. For example, antibodies against

antigens on the surface of .f. falciparum-infected

erythrocytes prevent bi.nding of th,,=se erythrocytes to

endothelial cells. These situation make them susceptible to

the action of the spleen thereby affecting parasite survival

and probably lowering parasitemia (Leech et al., 1984).

Present evidence indicate that many antigens have been

identified in different parasite stages (Dayal-Drager &

Lambert, 1988). Those antigens exposed to the immune system

are good targets of the host immune response, such as

antigens on the surface of schizonts, merozoites and

infected erythrocytes (Howard & Barnwell, 1984, Hadley &

Chulay, 1988, Martinez, 1987). Parasites within the red

blood cell are able to modify the surface membrane and the

antigens produced are capable of inducing host immune

response which are either deleterious for the parasite or

may have no effect because of evasion of immune response by

the variation of these antigens. Based on the high levels

of antibodies produced in the immune host with little or no

correlation to immunity, it is likely that only a few of
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these antigens will induce protective immunity. The

identification and characterization of some of these

antigens in the g. yoelii murine malaria model are the

subjects of this study.
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III. MATERIALS AND METHODS

A. Parasite

1. Plasmodium yoelii 17X non lethal strain

The parasites were maintained as a frozen stabilate and

passed once in mice before use (Tosta & Wedderburn, 1980).

2. Animals

C57BI/10J, females, 8-10 weeks old (Jackson Laboratory,

Bar Harbor, Maine) were used for the phagocytic assay.

BALB/c mice, females, 8-10 weeks old (Simonsen Laboratory,

Gilroy, CA.) were used for vaccination studies.

3. Course of infection in mice

Mice were inoculated intraperitoneally with 105 ,E.

yoelii parasites/ml. Parasitemias were determined in

Giemsa-stained tail blood smears as a percentage of

parasitemia after counting at least 250 infected red blood

cells.

For infected red blood cell antigen studies, the blood

was collected by cardiac puncture when the parasitemia

reaches 20-40% infected RBC (generally by day 11-13).

4. cryopreservation of parasites in liquid nitrogen

The methodology used to maintain the parasite strain

was the Trager and Jensen method (Jensen, 1983). Briefly,

blood was collected with CPDA (10-20% parasitemia) and

centrifuged 5 min. to collect the pellet. Then, Tragger and
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solution (28% Glycerol and 3% Sorbitol in 0.85% NaCl) was

added in an equal volume to resuspend the red cells. After

equilibration for 5-10 min. at room temperature the

suspension was distributed in 0.5 ml aliquots using small

vials and frozen in liquid Nitrogen. Before use, one frozen

vial was thawed at 37 C for about 3-5 min. and contents were

inoculated into two mice.

B. Parasitized Erythrocytes (PE) Collected by Percoll

Gradient (Tosta et ale 1980; Tosta & Wedderburn, 1980).

Parasitized Erythrocytes (PE) are used as target cells

in the phagocytic assay, and as an antigen for ELISA and

SDS-PAGE and to prepare infected red blood cell ghost.

Blood from infected mice was collected by cardiac

puncture in Hank's Balanced Salt solution (HBSS) without

sodium bicarbonate, (Sigma, st. Louis, MO.) containing

10ullml heparin, 100 uglml Penicillin and 100 ug/ml

Streptomycin and washed twice with cold HBSS (500 g, 5

min.). Packed washed erythrocytes were suspended in 10 ml

of HBSS and overlaid on 1 ml of Percoll (Sigma Chemical

Company, st. Louis, MO.) density 1.072 glm (HBSS lOX, Stock

Percoll: HBBSS lOX lpart; Percoll, 9 parts; Working

solution, 55 ml stock Percoll + 45 ml HBSS lX; 55% Percoll).

The Percoll gradient was centrifuged at room temperature for

15 min. at 1300-2000 g, (2400 RPM) and the top layer

containing more than 90% parasitized erythrocytes (PE),
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mainly late trophozoites and schizonts, was collected and

washed twice with 10 volumes of cold HBSS.

The number of parasitized erythrocytes was counted and

the cells were then diluted with Phosphate Buffered Saline

(PBS), (10 ul into 990 uI). Total red blood cells were

counted in a Neubauer chamber. A smear was made, fixed with

methanol and stained with Giemsa to determine the percentage

of parasitemia. If necessary, the cell suspension was

diluted to obtain 50 ul of 106 parasites/mI.

c. Non Parasitized Erythrocytes (NPE) From Infected Mice

(Tosta et ale 1980; Tosta & Wedderburn, 1980),

The NPE were separated by centrifugation in a high

density (1.091 g/ml) Percoll gradient (55%). The bottom

layer, containing 90% NPE and 10% contaminating young

trophozoite-infected erythrocyte, was washed twice, then

counted and used in the phagocytic assay.

D. Sera

Preimmune sera (control) were obtained from non

infected mice. Mice were inoculated with 105 parasites/mI.

The immune sera were collected from mice two weeks after the

peak of parasitemia (day 28) or one week after parasites had

been eliminated from peripheral blood. Hyperimmune serum

was collected following 4 injections of £. yoelii parasites

as follows. After an initial infection with 105 g. yoelii

parasites, mice received the first booster on day 28 (two
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weeks after the peak parasitemia or one week after recovery

from primary infection) • The second booster was

administered on day 42 after infection (four weeks after the

peak parasitemia or two weeks after the first booster) and

the third booster was on day 56 after infection (six weeks

after the peak parasitemia or two weeks after the second

booster) with 105 parasites.

Mice were bled one week after the last booster. The

serum was pooled, heat inactivated (56 C, 30 min.) and

aliquots of 0.5 were stored at -20 C until used.

E. Phagocytie Assay (Tosta & ~e~Jerburn, 1980)

1. Source of macrophages

Peritoneal macrophages were collected from unstimulated

normal mice, infected mice, and thioglycolate-stimulated

mice. To stimulate macrophages, 1 ml of thioglycolate was

injected into the peritoneal cavity 4-5 days before the

assay.

For each culture plate it was necessary to collect and

pool peritoneal cells from 4 normal, infected or

thioglycolate-stimulated mice.

Mice were euthanized in a cO2 chamber and the

peritoneal cavity was washed with 5 ml of cold HBSS with 100

ug/ml Penicillin and 100 ug/ml streptomycin using a 18 G1

1/2 gauge needle. The abdomen was massaged for 1 min. and

the cells were collected. T.he cells were kept on ice after
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harvesting. The collected cells were washed twice with HBSS

at 500 g for 5 min. The number of viable cells collected

was determined microscopically using the trypan blue

exclusion method. The number of monocytes-macrophages/ml

was determined from a Giemsa stained smear of the cells (%

monocytes to total cells/ml). For one plate it was

necessary to collect a suspension of 4X105 macrophages/ml in

HBSS with antibiotics but without serum.

2. Phagocytic Assay Technique (Tosta & Weddenburn,

1980).

A 0.4 ml macrophage/monocyte suspension (2-4 X 105

cell/ml was distributed into each well of a 24 well sterile

tissue culture plate (Costar, Cambridge, MA.) containing

13mm round coverslips in each well. Plates were incubated

in a moist chamber at 37 C for 30 min. in 10% CO2 air

mixture. After this period of time, non-adherent cells were

dislodged by vigorous pipetting with warm HBSS. The

adherent cells were incubated with a suspension of normal

red blood cells (NE), Parasitized Erythrocytes (PE}, or Non

Parasitized erythrocytes (NPE) at a ratio of 5 and 10

erythrocyte/macrophage in normal, immune or hyperimmune

serum in duplicate. Plates were centrifuged at 1000 RPM for

1 minute at 4 C in order to increase contact between red

blood cells and macrophages. After centrifugation, plates

were incubated at 37 C for 40 min. After this incubation



45

period the coverslips were recovered from the wells and

rinsed twice with saline and stained with a 20% Giemsa

solution, pH 7.2.

Phagocytosis was determined morphologically on Giemsa

stained smears. Results are expressed as the percent of

macrophages associated with, attached, adherent or ingested

normal, non infected or infected erythrocytes. In all cases

at least 200 macrophages from duplicate smears were counted

at x 1000 magnification under oil immersion.

F. Indirect Fluorescent-Antibody Test

The immunofluorescent test was used to measure serum

antibody titers during infection, after recovery from

infection and after each booster infection.

In this test, the antigen bearing cells were first

reacted with the antibody obtained from infected mice.

Then, the cells were incubated with Fluorescein

Isothyocynate Conjugated (F.I.T.C.) rabbit anti-mouse IgG

(H+L) (ICN ImmunoBiological, Lisle, IL.) (Voller & Bray,

1962).

The infected £. yoelii blood was collected using CPDA

as anticoagulant at 5% - 10% parasitemia (6-8 days after

inoculation). The infected cells were washed three times

with Phosphate Buffer Saline (PBS, pH 7.4). The washed red

blood cells were resuspended in an equal volume of fetal

calf serum at 37 C for 15 minutes. Thin blood smears were
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made on a 22 mm coverglass and air dried. Smears were fixed

in cold acetone for 10 minutes, placed in covered containers

and stored at -20 C until used.

Fixed smears were incubated in a moist chamber at room

temperature with diluted normal, immune or hyperimmune sera.

Generally two fold dilutions were used starting at 1:128

dilution (1:128; 1:256; 1:512; 1:1024; 1:2048; 1:4096;

1:8192) with Phophate Buffered Saline, pH 7.4. After three

washes with PBS, the smears were incubated with 50 ul of the

anti-mouse IgG Conjugate: (1:75 dilution) and placed in the

dark for 30 minutes. After three washes with PBS, the

smears were mounted with 1 ul of 50% glycerol in PBS on

glass slides and viewed using a Zeiss fluorescent

microscope.

G. Surface-Immunof1uorescent-Antibody Assay

Surface immunofluorescence is performed to detect

antibodies from immune animals bound to the surface of

infected red blood cells (Hommel & David, 1981, Hommel et

ale , 1983, Marsh et al., 1986). £. yoelii infected

erythrocytes were collected with CPDA as anticoagulant from

BALB/c mice with 5% parasitemias (by day 7). The blood was

centrifuged to collect the cell pellet and washed three

times with RPMI-1640 tissue culture medium (Gibco

Laboratories, Grand Island, N.Y.). The cells were

resuspended in 10 volumes of RPMI at the following serum
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dilutions: 1:10, 1:20; 1:50; 1:100; 1:200. The cells were

then incubated at room temperature for 30 minutes. After

washing three times with RPMI, the cells were mixed with an

equal volume of bovine calf serum. Smears were made, air

dried and fixed with acetone for 10 minutes and dried one

hour at room temperature. The smears were then incubated

with rabbit anti-mouse FITC conjugate as used in the

indirect immunofluorescence test and processed as described

above.

H. Antigen Preparation

Basically four antigens were prepared: (1) a g. yoelii

parasitized erythrocyte ghosts antigen, (2) a normal red

blood cell ghost antigen, (3) a g. yoelii trophozoite ghost

antigen and (4) a g. yoelii saponin antigen.

1. g. yoelii parasitized erythrocyte ghosts antigen

This was made with the parasitized erythrocyte

containing fraction collected after a 55% percoll gradient.

The top layer of the gradient which contains more than 90%

PE (mainly late trophozoites and schizonts), was collected

and washed twice with 10 volumes of cold HBSS, for 5 minutes

at 2000 RPM time (Tosta et al., 1980). The ghosts were made

following Mogil's protocol (1988) with slight modifications.

Briefly, the parasitized erythrocytes (PE) were lysed with

cold 5mM phosphate buffer pH 8.0 containing 1mM

Phenylmethyl-Sulfonilfluoride (PMSF) (Sigma, st. Louis, MO)
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and 500 mM EDTA for 30 min. This procedure was performed on

ice. To avoid parasite contamination, lysed cells were

centrifugued at 2300 RPM (Immufuge, Dale, Inc. ) for 2

minutes. Then, a smear of the pellet was made and Giemsa

stained for parasites. The ghost-containing supernatant was

centrifuged at 27000 x g (Beckman TL-100 model

Ultracentrifuge) for 15 min. at 4 C. This washing procedure

was repeated with phosphate buffer until the pellet was

"pale pink" or white. The pellet was then washed twice in

PBS, pH 7.2 and resuspended in isotonic buffer, PBS. The

membrane ghost preparation was stored at -70 C in aliquots.

For the ELISA antigen, the ghost pellet was mixed 1:2

with extraction buffer (Tris-hydrochloride 50 roMi 0.5%

Nonidet P-40i EDTA, 5mMi Iodoacetamide, 5 mM Antipain, 10

ppm, ug/mli and pepstatin A, 10 ppm, ug/ml), (Kan et al.,

1984). Before the antigen was plated, it was diluted 1: 1000

with BBS and precipitated for 15 min. The soluble,

supernantant material was used to coat ELISA plates.

2. Normal red blood cells ghosts from uninfected mice

This antigen was used as a control and the same

protocol was used as described above for parasitized

erythrocytes ghosts.

3. P.yoelii trophozoite ghost antigen

For this antigen, the 55% percoll gradient was done as

usual. Then, the bottom layer containing contaminating
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young trophozoite-infected erythrocyte, was washed and

another percoll gradient, was performed using 64%. percoll

The ring containing trophozoites fraction was collected,

washed three times with HBSS and the protocol described

above for ~.yoelii parasitized red blood cells was followed.

4. P.yoelii Saponin antigen

This antigen was made with ~.yoelii infected red blood

cells collected after the 55% percoll gradient. Cells were

washed twice with PBS. After the last wash, the pellet was

diluted to 20 volumes of PBS. Then, 0.1 ml of Saponin (1.3%

IN in 0.85% NaCl) per 10 ml of diluted solution to lyse the

cells. The saponin lysate was centrifuged in an immunofuge

and the pellet was washed twice with HBSS. The saponin

antigen was kept frozen at - 70 C until used.

I. Protein Determination

Quantitative determination of protein for the antigens

used (Normal Red Blood Cells Ghost antigen, ~.yoelii

Infected Red Blood Cells Ghost antigen, ~.yoelii

Trophozoites Ghost antigen and Saponin antigen) was done

using the Pierce BCA Protein Assay Reagent (Rockford,

Illinois). This method measures bicinchoninic acid (BCA)

Which as a water soluble salt, is a sensitive, stable and

highly specific reagent for cuprous ion (cu1+) (Smith et al.,

1985)
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J. Enzyme Linked Xmmunoadsorbent Assay (ELXSA)

The indirect ELISA method was used for the detection and

measurement of antibodies (Voller et al., 1976).

The 96 well vinyl assay plates (Costar, Cambridge, MA.)

were precoated with 100 ul per each well of 0.1% poly-L

lysine (molecular weight, 150,000 to 300,000: Sigma Chemical

Co., st. Louis, MO) in Borate Buffer Saline (BBS). The

plates were then incubated for two hours in an humid box and

washed three times with High Salt BBS (HSBBS). After this,

50 ul of the antigen to be tested, diluted in BBS was added

to each well of the plate (see antigen preparation section

for methodology). Plates were incubated for two hours at

room temperature or overnight at 4 C in a humid box.

After washing three times with HSBBS, the antigen was

blocked with 100 ul of 1% Bovine Serum Albumin (BSA) in BBS

for one hour at room temperature in a humid box. Then, 50

ul of the test sera (first antibody) diluted in 1% BSA in

BBS was added to each well. A negative control containing

PBS instead of sera was always used. Plates were incubated

for one and half hours at room temperature in a humid box.

After washing each plate seven times with HSBBS, 50 ul of

the second antibody, goat anti-mouse peroxidase (KPI

Kirkegaard & Perry Laboratories, Inc., Gallerburg, MA.) was

added to each well, incubated for one hour at room

temperature in a humid box and washed seven times with
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HSBBS, and once with BBS. The Peroxidase Substrate System

ABTS (Kirkegaard & Perry Laboratories Inc. Gaithersburg,

MA.) was added to each well at 100 ul/well. The reaction

was permitted to develop for about 20-30 minutes. After

this step, plates were read in an ELISA Spectrophotometer

designed to measure the light absorbance of samples in

microelisa plates (Microplate Reader MR 65 with Apple IIc

Computer System, Oynatech, Chantilly, VA.).

K. SDS-PAGE and Immunob1ot with Mini-cell system

1. SDS-polyacrylamide gel electrophoresis

SOS-Page using BIO-RAO Mini-Protean I Electrophoresis

Cell (Richmond, CA) system. SOS-PAGE on slab gels were done

according to Laemmli (1970). Antigens to be analyzed were

solubilized in sodium dodecyl sulfate (SDS) buffer

(unreduced conditions) containing 0.0625 M Tris, 2% SOS, 10%

glycerol, 0.01% Bromophenol blue (BPB) and 5%

Mercaptoethanol and boiled for two minutes. Electrophoresis

was done using a 10% separating gel and 3% stacking gel

using the BIO-RAD Mini-Protean electrophoresis Cell system.

Gels were run at 150 volts for about 45 minutes using a

Pharmacia EPS 500/400 (Pharmacia Fine Chemicals) constant

power supply equiped with a volt-hour integrator VH-1, until

the BPB reached the bottom of the gel. A Rainbow™ Protein

Molecular Weight marker (Amersham, UK) was used containing

the following proteins: Myosin (M.W. 200,00), Phosphorylase
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b (M.W. 92,000), Bovine serum albumin (M.W. 69,000),

Ovoalbumin (M.W. 46,000), Carbonic anhydrase (M.W. 30,000),

Trypsin inhibitor (M.W. 21,500) and Lysozyme (M.W. 14,300).

Visualization of polypeptides was done by staining with

1% Coomassie Brilliant Blue (BIO-RAD, Richmond, CA.) 25%

methanol and 7.5% acetic acid for 30 minutes. After this

the gels were destained by several changes in 40% methanol

until nearly clear and finally with 10% methanol and 5%

acetic acid.

2. xmmunob1otting procedure

Immunoblotting procedure for £. yoelii antigens and

normal red blood cell ghost antigens was done following the

modified methods of Towbin et al., (1979) using a BIO-RAD

Mini Trans-Blot Electrophoretic Transfer Cell (Richmond,

CA). After gel electrophoresis, samples were transferred

electrophoretically to nitrocellulose filters in Transblot

Buffer (25 mM Tris base, 192 mM Glycine and 15 % methanol).

Electroblotting was carried out using a Pharmacia power

supply at 100 V for one hour at room temperature. To block

unbound sites, the nitrocellulose was removed, incubated in

0.5 % non-fat powdered milk in High Salt Borate Buffer

Saline (HSBBS) for one hour and washed three times in HSBBS.

For the primary antibody reaction, normal or hyperimmune

sera were diluted 1:500 in HSBBS with 1.5% nonfat powdered

milk and incubated overnight at 4 C with constant shaking.
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The nitrocellulose sheets were then washed three times for

five minutes each with 0.5% Tween 20 in HSBBS. After this,

the nitrocellulose sheets were reacted with the secondary

antibody: Rabbit Anti-Mouse IgG+IgA+IgM (H-L) (Zymed, San

Francisco, CA.) diluted 1:1000. The washing procedure was

repeated with 0.5 % Tween 20 in HSBBS. For the third

antibody reaction (enzyme labeled) the nitrocellulose sheets

were incubated with alkaline phosphatase-Goat Anti-Rabbit

IgG (H+L) (Zymed, San Francisco, CA) diluted 1:1000.

BCIP/NBT Phosphatase Substrate System (Kirkegaard & Perry

Laboratories Inc., Gaithersburg, MD) was used to develop the

reactions.

L. Metabolic Labeling of ~. yoelii Trophozoites with 3B

Isoleucine

In vitro metabolic labeling of parasite proteins was

done to distinguish proteins of parasite origen from host

erythrocyte proteins using E. yoelii infected mouse cells

from which were metabolically labelled with the radiactive

amino acid 3H Isoleucine. The metabolically labeled

proteins are considered to be of parasite origin since

mature erythrocytes do not synthesize new proteins. The in

vitro metabolic labelling method was modified from Majarian

et al., (1984).

For metabolic labelling, blood was drawn from 24

infected BALB/c mice by day 11-12 at a parasitemia of 20%.



54

The blood cells were washed with RPMI Media 1640 (GIBCO

BRL, Gaithersburg, MD.) and three hundred microliters of

packed, infected RBC were diluted in the following labelling

medium: RPMI 1640 without Isoleucine (GIBCO-BRL,

Gaithersburg, MD.), 1.25 mg/ml D-Glucose, 2.72 ug/ml

Hypoxantine, 20 roM 3-(N-morpholino) propane sulfonic acid

(MOPS, Sigma, st. Louis, MO. 100 ug/ml Gentamicin, 5% (v/v)

complete RPMI-1640, 500 uCi/ml Isoleucine, L-4,53H(N)]-(DU

Pont Company, Biotechnology Systems, wilmington, DE.) with

4% normal mouse sera. The cells in labelling medium were

incubated 4 hrs. at 37 C in 8% CO2 in air. After this

period of time, the packed cells were washed three times

with warm RPMI. In order to work with infected cells

possessing a stable membrane it was necessary to isolate

~.yoelii trophozoites from total parasitized erythrocytes.

This was achieved with a double percoll gradient, first

using 55% Percoll, then using 64% percoll. After this, the

trophozoites were collected and four protocols were followed

(see Figure 16):

1. Lane 2

To isolate total membrane plus parasite proteins,

extraction buffer was added to purified trophozoites and the

sample was kept 1 hr. on ice. The extract was centrifuged

at 75,000 x 9 for 30 min. and the supernatant was collected

and incubated with hyperimmune serum for 1 hr. at room
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temperature. Protein G beads were added for one hour to

precipitate the protein-antibody complexes. The beads were

washed to remove the unbound proteins three times with HSBBS

and an equal volume of Laemmli's buffer (reduced) was added

to extract the bound antigen.

2. Lane 3

Trophozoite membrane proteins of £. yoelii trophozoite

ghosts were prepared as describen in the antigen section.

The rest of the protocol was identical to (1).

3. Lane 4

Total parasite proteins. Extraction buffer was added

to purified trophozoites and the cells were incubated for 1

hr. on ice. The sample was then ultracentrifuged at 75,000

x g for 30 min. and the supernatant was collected. One half

of the supernatant was mixed with Laemmli's buffer reduced

for total parasite proteins. Protein G beads were added to

the other half to control for any direct binding of parasite

proteins to Protein G. The beads (Lane 5) were washed three

times and mixed 1:1 with Laemmli's (reduced).

4. Lane 6

Trophozoite surface proteins. To immunoprecipitate

surface proteins, hyperimmune serum in RPMI was added to

trophozoites and rocked for 1 hr. After washing three times

with RPMI, the extraction buffer was added and kept 1 hr. on

ice. The sample was then ultracentrifuged at 75,000 x g for
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30 min. Protein G beads were added diluted 1:1 in HSBBS to

isolate the protein/antibody complexes. The beads were then

washed three times with HSBBS (5 min. each) and equal volume

of Laemmli' s (reduced) was added to extract the bound

proteins.

Counts per minute (cpm) were calculated for each sample

mixed with Laemmli's buffer, using a Packard Tri-Carb Liquid

Scintillation Spectrometer with a commercial scintillation

cocktail, Biofluor (New England, Nuclear corporation). Ten

microliters were taken from each sample and mixed with 3.5

ml., of OPTIFLUOR. The SDS-PAGE wells were loaded with

approximately the same number of cpm for each sample.

Molecular weight standards used were 14C Methylated protein

(M.W. 14,300 - 200,000), Myosin (M.W. 200,00), phosphorylase

b (M.W. 92,500), bovine serum albumin (M.W. 69,000),

Ovalbumin (M.W. 46,000), carbonic anhydrase (M.W. 30,000)

and lysozyme (M.W. 14,300) from Amersham (U.K.). For

autoradiography, the slab gels were dehydrated in three

changes of DMSO, incubating for one hour per DMSO wash. The

gels were then impregnated with 20% 2, 5-Diphenyloxazole

(PPO) overnight. The gels were swelled to their original

size with two changes of water for 15 minutes then were

dried using a BIO-RAD Model SE-1125 slab gel dryer. Gels

were exposed at -70 C using Kodak X-Omat AR films. Films
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were developed using a RP X-OMAT Processor Model M 7B

(Kodak).

H. Vaccination Experiment

Five groups of 5 BALB/c mice were used for this

experiment (Figure 18).

1. Group:Ia

This group received a first dose of 109 normal red

blood cell ghosts equivalent in 0.1 ml emulsified with 0.1

ml Freund's Complete Adjuvant, injected subcutaneously into

the tail. Three weeks later, each mouse received a second

identical dose of red blood cell ghosts and Freund's

Incomplete Adjuvant injected subcutaneously into the tail.

Three weeks later, mice were challenged with 0.1 ml.

containing 104 P. yoelii parasites by intraperitoneal

injection.

2. Group Ib

This group received a first dose of 109 g. yoelii

parasitized erythrocyte ghosts equivalent in 0.1 ml

emulsified with 0.1 ml Freund's Complete Adjuvant injected

subcutaneously into the tail. Two mice died during handling

in this group. Three weeks later, each mouse received a

second identical dose of g. yoelii parasitized erythrocyte

ghosts and Freund's Incomplete Adjuvant injected

sUbcutaneously into the tail. Three weeks later, mice were
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challenged with 0.1 ml containing 10~ E. yoelii parasites

by intraperitoneal injection.

3. Group 1:1:a

This group received a single intravenous injection of

0.1 ml of 109 normal red blood cells ghosts equivalent

antigen without adjuvant. Since this antigen was

particulate, this it was sonicated for 2 min., centrifuged

for 2 min. and the supernatant was used for injection.

Three weeks later, mice were challenged with 0.1 ml

containing 104 E.yoelii parasites by intraperitoneal

injection.

4. Group 1:1:b

This group received a single intravenous injection of

109 E. yoelii parasitized red blood cell ghosts equivalent

antigen in 0.1 ml without adjuvant. Since this antigen was

particulate, this it was sonicated for 2 min., centrifuged

for 2 min. and supernatant was used for injection. Three

weeks later, mice were challenged with 0.1 ml containing 104

E. yoelii parasites by intraperitoneal injection.

s. Group 1:1:1:

This group received one dose of equal amounts of PBS

(0.1 ml) and Freund's Complete Adjuvant (0.1 ml) injected

subcutaneously into the tail. Three weeks later, mice were

challenged with 0.1 ml containing 104 E. yoelii parasites by

intraperitoneal injection.
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Mice were pre-bled to collect normal sera. In

addition, for serum antibody titers by IFA, 50-75 ul. blood

was collected on days 7, 14 and 20 after the last dose of

vaccine. Serum. was separated, pooled, heat inactivated (56

C for 30 minutes) and stored at -20 C before use. Sera from

different groups were absorbed with normal red cells

overnight before they were used for IFA titers. To evaluate

vacccine effectiveness parasitemia was evaluated every other

day in Giemsa-stained blood smears and standard desviations

were calculated between the percentages of each group. The

statistical significance for day 12 and day 14 was tested by

one way analysis of variance, using X2 and P value.
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IV. RESULTS

A. Antibody-Mediated phagocytosis of .E. yoelii-Parasitized

Erythrocytes

In these experiments, the ability of mice macrophages

to phagocytize normal (NE), non-parasitized erythrocytes

(NPE) or parasitized erythrocytes (PE) in the presence of

normal, immune or hyperimmune sera was examined.

Table 1 presents the averaged data of five phagocytosis

experiments using normal macrophages. Peritoneal

macrophages from normal, non-infected mice phagocytosed PE

(28.2%) to a greater extent than NPE (15.8%) or NE (14.5%)

in the presence of normal sera (X2 = 5.52, P = o, 0187) •

The preferential phagocytosis of PE by normal peritoneal

macrophages was markedly enhanced by the addition of immune

(44.8%) or hyperimmune sera (44.7%) as compared with normal

sera (28.2%). However, there was no difference in the

phagocytic activity of normal mice macrophages in the

presence of immune or hyperimmune sera with PE (44.8%, 44.7%

respectively). Moreover, the type of serum did not affect

the engulfment of normal red blood cells (14.5% normal sera,

17.4% immune sera, & 17.6%, hyperimmune sera, X2 = 0.0372,

P = .847). It seems that in this system normal mice

peritoneal macrophages were unable to discriminate between

NE and NPE in the presence of normal (14.5%; 15.8%



61

respectively), immune (17.4%: 20.2% respectively) and

hyperimmune sera (17.6%: 22.9% respectively).

TABLE 1

Percentage of Normal Macrophages engaged in phagocytosis"
of normal erythrocytes, non-parasitized erythrocytes or P.yoelii

parasitized erythrocytes in presence of normal, immune or hyperimmune sera.

Normal Macrophages

Normal Sera Immune Sera Hyperimmune
Sera

Normal 145 %b 17.4 %b 17.6 %b
Erythrocyte" (.±.5.79) (.±. 9.84) (+ 11.6)

Non
Parasitized 15.8 % 202% 22.9 %

Erythrocyte" (.±.455) (.±.8.34) (,±,10.76)

Parasitized 28.2% 44.8% 44.7%
Erythrocyte" (.±. 10.03) (.±.6.86) (.±.13.22)

• Phagocytosis was evaluated as the percentage of macrophages associated with
attached and/or ingested erythrocytes.
b Mean.±. S.D. from five experiments: Four experiments were done with C57BL/I0
mice; one experiment was done with BALB/c mice.
C Normal erythrocytes were obtained from normal mice while non-parasitized
erythrocytes were obtained from mice infected with P.yoelii.

Table 2 shows the percentage of phagocytosis for

peritoneal macrophages of mice infected with ~.yoelii.

Phagocytosis of PE incubated with immune (41.7%) and

hyperimmune sera (43.5%) was only a little higher than

phagocytosis PE preincubated with normal sera (34%) showing

that the type of serum did not affect the engulfment by

activated macrophages of infected red blood cells (X2=1.04,

P= 0.308). Nevertheless, the phagocytic activity of

macrophage with NE and NPE in the presence of normal (24.6%:
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25%), immune (17.8%) and hyperimmune sera (20.6%; 22.9%),

were comparable (X2 = 1. 07, P = .302). This indicated that

the engulfment of NE and NPE was not affected by the type of

sera. Macrophages from infected mice seem to preferentially

phagocytosed PE rather than NPE or NE.

TABLE 2

Percentage of macrophages from infected mice engaged in phagocytosis"
of normal, non-parasitized or P,yoelii parasitized erythrocytes

in presence of normal, immune or hyperimmune sera.

f. yoelii activated Macrophages

Normal Sera Immune Sera Hyperlmmune
Sera

Normal 24.6 %b 17.8 %b 20.6 %b
Erythrocyte" (.±.13.n) (.±. 9.44) (.±. 9.93)

Non
Parasitized 25.0% 20.6% 22.9 %

Erythrocyte" (.±. 12.14) (.±. 13.81) (.±. 12.63)

Parasitized 34.0% 41.7 % 435%
Erythrocyte" (.±. 14.45) (.±. 16.7) (.±. 12.73)

• Phagocytosis was evaluated as the percentage of macrophages associated with
attached and/or ingested erythrocytes.
b Mean.±. S.D. from five experiments: Four experiments were done with C57BL/10
mice; one experiment was done with BALB/c mice.
C Normal erythrocytes were obtained from normal mice while non-parasitized and
parasitized erythrocytes were obtained from mice infected with f. yoelii.

However, the overall level of phagocytic activity with

normal sera was higher from macrophages of infected mice

than for normal mice, suggesting that infection itself

stimulates macrophages activity.
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Table 3 shows the results of two experiments using

thioglycolate stimulated macrophages with NE, NPE and PE in

presence of normal, immune and hyperimmune sera. The

percentage of phagocytosis was very similar in each case

showing no clear differences among them.

TABLE 3

Percentage of Thioglycolate Stimulated Macropbages engaged in phagocytosis
of normal erythrocytes, non-parasitized erythrocytes or f.yoelii

parasitized erythrocytes in presence of normal, immune or hyperimmune sera.

Tbioglycolate Stimulated Macrophages

Normal Immune Hyperimmune
Sera Sera Sera

Normal 27.75%b 3O.0%b 3O.25%b
Erythrocyte" (.±. 035) (±5.66) (.±.11.67)

Non 33.0% 34.25% 37.75%
Parasitized (.±. 9.7) (± 6.72) (.±. 14.5)

Erythrocyte"

Parasitized 39.75% 37.25% 38.75%
Erythrocyte" (.±. 53) (.±. 7.42) (.±. 1.77)

- Phagocytosis was evaluated as the percentage of macrophages associated with
attached and/or ingested erythrocytes.
b Mean .±. S.D of five experiments. Four experiments were done with C57BL/IO
mice; one experiment was done with BALB/c mice.
C Normal erythrocytes were obtained from normal mice while non-parasitized
erythrocytes were obtained from mice infected with P.yoelii.

For example, phagocytosis of PE with normal sera (39.75%),

or immune sera (37.25%) or with hyperimmune sera (38.75%)

were comparable (X2=O.0844, P=O.7713). The phagocytic

activity of NPE with normal sera (33%), immune sera (34.25%)

or hyperimmune sera (37.75%) showed a slight difference with

hyperimmune sera. In addition, the percentage of
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phagocytosis of NE in presence of normal sera (27.75%),

immune sera (30%) or hyperimmune sera (30.25%) did not show

any difference. This results indicated that the engulfment

of NE or NPE was not affected by the type of sera.

Internalization of PE was an interesting phenomenon

observed most frequently with normal mouse peritoneal

macrophages with immune or hyperimmune sera (Figure 1, 2,

3). Adhesion and/or attachment rather than internalization

was generally observed with NE, NPE and £.yoelii parasitized

red blood cells in the presence of normal sera (Figure 4).

The internalized parasites were considered to be ingested

when erythrocytes were surrounded by a vacuole and/or when

parasites showed signs of digestion. These were more often

seen when normal macrophages or activated macrophages

phagocytozed PE in presence of hyperimmune sera. However,

during adhesion and/or attachment, NE or NPE appeared to be

outside of the macrophages and only weakly associated with

it. It should be noted that phagocytosis was observed in

fixed and stained smears after a set incubation period (40

minutes) and was not followed over time.

Phagocytosis, agglutination and rosetting of PE with

normal mouse peritoneal macrophages were observed to occur

simultaneously in the presence of hyperimmune sera. In

addition, agglutination and rosetting were not numerically

reported but its presence was noted (Figure 5). Although in
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some cells it was difficult to visualize an intact

parasitized erythrocyte (Figure 1), in other cells the red

cell membrane could be discerned (Figure 3b).
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Figure 1. Normal peritoneal macrophages
associated with attached and/or ingested R.
yoelii parasitized erythrocytes in the presence
of pooled hyperimmune sera.
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Figure 2. Phagocytosis by normal macrophages of
R. yoelii parasitized erythrocytes preincubated
with hyperimmune sera.
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Figure 3.
£. yoelii
sera.

phagocytosis by normal macrophages of
erythrocytes in presence of hyperimmune
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Figure 4. Normal macrophages showing attachment
and/or adhesion of NE (a), NPE and ,E. yoelii
parasitized erythrocytes (b) preincubated with
hyperimmune sera.
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Figure 5. Normal macrophages showing (a)
agglutination and (b) rosetting of ,£. yoelii
parasitized erythrocytes preincubated with
hyperimmune sera.
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B. Indirect Immunofluorescent Antibody Test (IFA)

The reactivities of the antibodies present in immune

and hyperimmune sera against g. yoelii antigen were scored

based on the degree of fluorescence (brightness) on a scale

of 4 + (the highest reactivity) to a 1 + (the lowest

positive reactivity) or weak fluorescence of a few

parasites) while (-) denotes negative reactivity. Intense

fluorescence was observed on infected erythrocytes such as

late trophozoites, young and mature schizonts (Figure 6).

Young trophozoites show a dotted pattern of staining. The

patterns of fluorescence generally varied from spot-like or

punctate fluorescence to uneven, patchy staining. It was

observed on the entire infected cell or on part of it, as

medium size dots with more intense fluorescence at lower

dilutions (1:500).

The IFA titer was defined as the reciprocal of the

highest dilution of serum showing 1 + fluorescence. IFA

using acetone fixed infected erythrocytes as antigen detects

the presence of antibodies against antigen within the

erythrocyte cytoplasm and merr.brane as well as parasite

antigens. No fluorescent staining was observed in non

infected erythrocytes (Figure 6, N)

The indirect IFA test indicated that there were

differences between sera collected during and following

primary exposure to g. yoelii (immune sera) and after
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secondary or tertiary exposures (hyperimmune sera, mice

boosted two or three times). For example, at seven days

after infection with ~. yoelii, the antibody titer against

infected erythrocyte antigen was 1. : 51.2• Antibody titers

were higher on day 21 (one week after peak parasitemia) and

on day 28 (one week after the infection is over, 1.:4096).

After recovery from infection, the titer decreased to levels

similar to those obtained at 7 days infection (1: 51.2) .

After three boosters, mice reached the highest titer

(1:4096) .
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Figure 6. Immunofluorescence test of acetone
fixed £. yoelii parasitized erythrocytes antigen
(1:500) with hyperimmune sera showing different
patterns of fluorescence with rings (R), early
and late trophozoites (eT & LT respectively)
schizonts (8) and no fluorescence in normal red
blood cells (N). oil x 1000.
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c. Surface Immunofluorescence Test

The technique for surface immunofluorescence using

fresh, unfixed erythrocytes had been previously used for the

demonstration of variant antigens on the surface of P.

knowlesi-infected erythrocytes (Hommel & David, 1981).

Antibodies which bind to P. falciparum infected red blood

cells antigens also have been studied by surface

immunofluorescence assay using infected red blood cells from

squirrel monkeys (Hommel el al., 1983). with some

modifications this technique was used here in an attempt to

demonstrate antigens on the surface of the infected g.

yoelii erythrocytes.

Intact, P. yoelii infected erythrocytes were incubated

with hyperimmune serum and the cells were SUbsequently

washed, fixed and incubated with rabbit anti-mouse

fluorescein isothiocynate. Surface immunofluorescence

appeared as an even rim around infected red blood cells

(Figure 7). Intact, infected red blood cells are identified

under bright field illumination by the presence of

refractile malarial pigment and red blood cell cytoplasm.

Infected red blood cells with disrupted membranes or free

parasites could be distinguished on the basis of their

intense fluorescence over the internal parasite and lack of

red blood cell cytoplasm under bright field illumination.
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A rim-like fluorescence was observed with g. yoelii

parasitized red blood cells at a 1:50 dilution of both

normal and hyperimmune sera. However a positive reaction at

1:100 and 1:200 dilutions was observed only with hyperimmune

sera. The number of g. yoelii parasitized red blood cells

which showed surface fluorescence declined with increasing

dilution of test sera. Normal (undnfactied) erythrocytes did

not show surface immunofluorescence at any serum dilution of

both normal or hyperimmune sera.

In contrast to surface immunofluorescence, IFAT using

acetone-fixed smears of infected erythrocytes as antigen

detects the presence of serum antibodies against a variety

of malarial antigens not necessarily localized on the

surface of the cell. In comparison with surface

immunofluorescence, the titers of immune or hyperimmune sera

for IFAT with fixed antigens were generally higher (1:50

1:100 for surface IFA versus 1:1024 - 1:2048 - 1:4096). In

addition, the difference between normal and hyperimmune

serum titers were greater for IFAT than for surface IFA.

There was a decrease in reactivity in surface

immunofluorescence when the sera were absorbed with normal

erythrocytes, suggesting that the surface IFA may have been

due in part to antibodies against erythrocyte antigens.

Furthermore, there was no correlation between antibody

titers using the fixed antigen I FAT and surface
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immunofluorescence. While the surface IFA results were

suggestive they did not definitively demonstrate malaria

antigens on the surface of infected erythrocytes.



Figure 7. Surface immunofluorescence of £.
yoelii trophozoites. Infected trophozoites were
incubated with normal sera (a, 1:50) and
hyperimmune sera (b, c, d, 1:100) and fixed
smears were made followed by incubation with
rabbit anti-mouse FITC. Observe the rim-like
fluorescence. oil x 1000.
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D. £. yoelii Infected Erythrocytes Antigens

structural alterations have been reported in the

membrane of erythrocytes infected with £. knowlesi, £.

falciparum and £. chabaudi at the late trophozoite and

schizont stages (Aikawa, 1977; Schmidt-Ullrich & Wallace,

1978; Wunderlich et al., 1987; Sherman, 1985; Howard, 1982).

Furthermore, some experimental studies indicated the

presence of neoproteins on the host cell surface (Sherman,

1985; Howard et al., 1980a,bo) with some success in

demonstrating a role of such proteins in protective immunity

(Schmidt-Ullrich, et al., 1983; Wunderlich et al., 1988b).

One approach to study these neoproteins would be to

isolate host cell plasma membranes which are free of

parasites. Different techniques have been developed in

order to minimize contamination of infected red cell

membrane antigens with parasite antigens. Parasitized

erythrocyte ghosts are likely to be a good source of such

antigens since the isolated host cell plasma membrane should

contain neo-proteins and at the same time, be free from

parasite contamination. Red cell ghosts can be prepared by

osmotic shock with a cold hypotonic buffer. Centrifugation

at lower speed is performed after lysis to deplete

parasites. A washing procedure at high speed is then done

to eliminate contamination with hemoglobin and other soluble

material and to recover red cell membranes. The stability
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of membrane structure is restored after these treatments by

using an isotonic buffer to wash the membrane pellet

(Mogil,1988; Wunderlich et al., 1987).

~. yoelii saponin antigen is made using saponin to

release intraerythrocytic plasmodia from the host cell

without damage to the parasites. However, plasmodia

parasites collected by this method are still enveloped by an

erythrocytic membrane (Heidrich, 1988).

~. yoelii parasitized erythrocyte ghosts used as a

source of membrane antigen for ELISA tests, immunoblotting

and vaccination experiments are shown in Figure 8. PE

ghosts resemble empty host cell membranes (Figure 8b).

These are easily distinguished from ~. yoelii saponin

antigen which shows free parasites previously inside the red

blood cell (Figure 8c). In our experiments, it was very

difficult to collect a ghost preparation completely free of

contaminating parasite material. Although efforts were made

to remove as much parasite material as possible, a small

amount of parasite contamination was present.
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Figure 8. (a) Intact £. yoelii parasitized
erythrocytes after percoll gradient, (b) £.
yoelii parasitized erythrocyte ghosts collected
after osmotic shock and (c) £. yoelii parasites
collected after saponin lysis. Giemsa stain, oil
preparation x 1000.
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E. Enzyme-Linked Immunoadsorbent Assay (ELISA)

The ELISA test was performed using normal red blood

cell ghosts and ~. yoelii parasitized red blood cell ghosts

as antigens. In preliminary results, differences in normal

and hyperimmune serum antibody levels were observed,

however, the antibody levels were comparable for both

antigens (Figure 9 a,b). Normal and hyperimmune sera were

absorbed with normal red blood cells in an attempt to remove

reactivity with normal erythrocyte antigens. There was a

slight decrease in the titer of absorbed normal and

hyperimmune sera as compared to non absorbed sera (Figure 10

a,b) • However, no significant difference was observed

between the normal and parasitized erythrocyte ghost

antigens. A variety of modifications were evaluated to try

to overcome the problem of similar reactivities with normal

erythrocyte and parasitized erythrocyte ghost antigens, none

of which was successful. The antigen preparations were

modified by mixing the antigen 1:2 with an extraction buffer

in order to solubilize membrane proteins before they were

plated and the sera were absorbed with normal red blood

cells overnight, instead of 2 hours as done previously. In

addition, the anti-mouse 19 conjugate was also absorbed with

normal red blood cells (Figure 11 a,b). Another procedure

used was to absorb sera with normal red blood cell ghosts

instead with normal red blood cells. For this experiment,
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the conjugate was also absorbed (Figure 12 a,b). Another

variation included sonication of both antigens for 2 min.

In every experiment performed the results were always

similar, with no significant difference between reactivity

of sera with normal red blood cell and parasitized red blood

cell antigens.
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Figure 9 a. ELISA test using normal RBC ghost as
antigen at 1:4096 dilution with normal and hyperimmune
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Figure 11b. ELISA test of £. yoelii parasitized RBC
ghosts antigen (1:100) + EB + normal & hyperimmune
non absorbed (NAb) and absorbed (Ab) sera.
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Figure 12 a. ELISA test with normal RBC ghost antigen
(1:100) + EB with normal and hyperimrnune non absorbed
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conjugate was also absorbed.
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Figure 12 b. ELISA test P. voelii parasitized RBC
ghost antigen (1:100) + EB with normal & hyperimmune
non absorbed (NAb) and absorbed (Ab) sera.
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F. SDS-PAGE and Immunoblotting

One well known procedure for purifying, analysing and

identifying protein antigens is to separate sample proteins

on 50S-polyacrylamide gels and to examine the separated

antigen by immunoblotting. The mobility of the protein

through the gel pores is principally determined by its size

or molecular mass. After electrophoresis the separated

proteins in the gels are visualized by Coomassie blue

staining, silver staining or by autoradiography and

fluorography. To further study specific interactions

between proteins separated by electrophoresis and antibodies

found in polyclonal sera (hyperimmune sera) the gel is

blotted to transfer proteins to a nitrocellulose filter and

the proteins are reacted with an unlabeled primary antibody

followed by a labeled secondary antibody.

In our experiments, we used four different antigen

preparations, as follows: (a) normal red blood cell ghost:

normal red cell membrane antigen, (b) ~. yoelii parasitized

erythrocyte ghosts: normal membrane antigens plus infected

red blood cell membrane antigens containing slight

contamination with antigens of free parasites released from

late stages with labile red blood cell membranes, (e) E.

yoelii trophozoite ghost: normal ghost antigen plus infected

red blood cell antigen with less contamination with antigens

of free parasites since it should be possible to remove late



88

trophozoites from this preparation, and (d) g. yoelii

saponin antigen: primarily parasite antigens with some

contamination with host cell membrane antigens and antigens

of the internal parasitophorous vacuole membrane.

Protein antigens in ghosts from g. yoelii parasitized

erythrocytes were separated by 5DS-PAGE electrophoresis and

stained with Coomassie blue (Figure 13). Based on the

results of several gels, summarized in Table 4, fourteen

protein bands were observed for parasitized erythrocyte

ghosts and nine of these bands appear to be different from

those of normal erythrocyte ghosts. Normal erythrocyte

ghosts had bands corresponding to 210, 200, 108, 69, 39, 28,

14 kDa (Figure 13, lane 2). The parasitized erythrocyte

ghosts neoproteins have apparent molecular masses of about

136, 72, 62, 52, 41.5, 34, 30, 25, 17, kDa (Figure 13, lane

3), respectively. Ghosts obtained from purified g. yoelii

trophozoites greater meIDDrane

integrity than later blood stages) showed twelve bands with

seven bands different from those of normal erythrocyte

ghosts: 136, 72, 62, 52, 41.5, 32 and 30 kDa (Figure 13,

lane 4). Four of these bands are shared with g. yoelii

parasitized red blood cell ghosts of all stages of infected

red cells (136, 72, 62, 52, 41.5 and 30 kDa) , while one was

uniquely detected with trophozoite ghosts (32 kDa). g.

yoelii saponin antigen showed a mixture of bands, some
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resembling those of normal erythrocyte ghosts and some

similar to £. yoelii parasitized red blood cells (Figure 13,

lane 5). These proteins have apparent molecular masses of

about 200, 72, 69, 55; 39, 34, 30, 28 and 14 kDa

respectively (Figure 13, lane 5). There are three bands

common to all antigens with apparent molecular weight of

200, 69 and 14 kDa (Table 4). Proteins that appear to

correspond to infected red cell membrane neoprotein are 136,

62, 52, 41.5 and probably 32 kDa proteins (shaded boxes)

Proteins of normal erythrocyte ghosts, £. yoelii

parasitized erythrocyte ghosts, £. yoelii trophozoites

ghosts and £. yoelii saponin antigens were evaluated after

SDS-PAGE and immunoblotting with normal and hyperimmune sera

and compared with those of normal erythrocyte ghosts (Figure

14 and 15 summarized in Tables 5 and 6). Figure 15 showed

two major bands of 69 & 65 kDa present in all antigen

preparat.ions ---"
C!1!U recognized sera. In this

experiment, a major band with an apparent molecular weight

of 210 kDa was present in all £. yoelii antigens and normal

red blood cell ghosts antigen preparations and recognized by

normal sera. A similar pattern was observed for £. yoelii

parasitized erythrocyte ghosts antigen reacted with normal

sera and the same antigen reacted with only the anti-mouse

Ig conjugate (Figure 14 lane 1 & 2). It seems likely that
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these bands are due to a reaction with the antibody

conjugate.

The immunoblotting pattern of normal red blood cell

ghosts in the presence of normal sera showed four proteins

with apparent molecular masses of 210 k, 118 k, 69 k and 65

.k and only two of these (69 & 65 k) reacted with hyperimmune

sera (Figure 14, lane 4 and Figure 15, lane 8). In addition

to the 69 and 65 k protein, four proteins present in normal

red blood cell ghosts reacted with hyperimmune sera (173,

160, 92.5 & 80 kDa). Only the 210 & 69 kDa proteins were

also identified in normal red blood cell ghosts with

Coomassie blue stain. There were three proteins present in

all E. yoelii antigens but not in normal red cell antigens

which reacted with normal sera: 173, 146 & 92.5 kDa (Figure

15, lanes 1,2 & 3, Table 5). Two of these, 173 & 92.5 kDa

were present in all antigens preparations, including normal

red blood cell ghost; were immunoprecipitated with

hyperimmune sera (Figure 15, Table 6).

E. yoelii parasitized erythrocyte ghosts antigen showed

14 protein bands recognized by hyper immune sera (210, 173,

160, 146, 118, 92.5, 80, 69, 65, 58, 46, 40, 27 & 20 kDa).

Five of these proteins (173, 160, 92.5, 80 & 69 kDa) were

also present in normal red blood cell ghosts, in £. yoelii

trophozoites ghosts and £. yoelii saponin antigen. A 146

kDa protein identified by immunoblotting, was recognized
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with normal sera in all ~. yoelii antigens preparations.

However, this protein was only recognized by hyperimmune

sera in ~. yoelii parasitized red blood cell ghosts (Table

5 and 6). In addition, a 20 kDa protein, identified by

immunoblotting from all £. yoelii antigens were recognized

by hyperimmune sera. Interestingly, the 69 kDa protein was

the only protein identified with Coomassie blue and

Immunoblotting in all antigens preparations which reacted

with both normal and hyperimmune sera.
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Figure 13. Coomassie-blue SDS-PAGE stained
proteins of normal erythrocyte ghosts (2), £. yoelii
parasitized erythrocyte ghosts (3), E. yoelii
trophozoite ghost (4) and E. yoelii saponin antigen
(5) . Lane 1 indicates molecular weight markers.
Dotted marks highlight proteins mentioned in the text.



TABLE 4

Comparison of the Coomassie blue SDS-PAGE stainning patterns of
Normal RBC ghost, ~. yoelii RBe ghost, ~. yoelii trophozoite ghost

and ~. yoelii saponin antigens"

Normal ~.yoelii ~.yoelii ~.yoelii

RBCghost RBC ghost Trophozoite ghost Saponin ag

210 k 210 k 210 k

200 k 200 k 200 k 200 k

108 k

12k

69 k 69 k

93

55 k

39 k 39 k

34 k 34 k

32 k

30 k 30k 30k

28 k 28 k

25k

17k

II 14 k 14 k 14 k 14 k

"Based on results in Figure 13. High intensity bands are indicated in bold
type.
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Figure 14. Immunoblot analysis of £. yoelii
parasitized erythrocyte ghosts antigen with 5% milk
in HSBBS (1), £. yoelii parasitized erythrocyte ghosts
antigen 'with normal sera (2) and £. yoelii parasitized
erythrocyte ghosts with hyperimmune sera (3), Normal
red blood cell ghosts with hyperimmune sera (4).
Molecular weight markers are in indicated in the right
side. Dotted marks highlight proteins mentioned in the
text.
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The pattern of immunoblot varied a little from

experiment to experiment. In general, the ,E. yoelii

trophozoite ghost antigen with hyperimmune sera contained a

lower number of protein bands than did the .E. yoelii

parasitized erythrocyte ghosts antigen. Hyperimmune sera

always recognizes some of the antigens in R. yoelii saponin

antigen shared by normal erythrocytes ghost and in,E. yoelii

parasitized erythrocytes ghost antigen.

TABLE 5

Comparison of the immunoblotting patterns of
Normal RBC ghost, P.yoelii parasitized RBC ghost, P.yoelii trophozoite ghost

and P.yoelii saponin antigens with normal sera",

Normal P. yoelii P. yoelii P. yoelii
RBC ghost RBC ghost troph. gh. saponin ag

+ + + +
Normal Sera Normal Sera Normal Sera Normal Sera

210 k 210 K 210K 210K

173 K 173 k 173 k

146 K 146 k 146 k

118k 118k 118k

925k 925k 925k

69K 69 k 69 k 69K

I 6.t;K 65K 65K 65 K

"Based on results in Figure 15.

Five major proteins bands with apparent molecular

weight of 173, 160, 92.5, 80 and 69 kDa which are present in
\

all antigens preparations, seems to be recognized by

hyperimmune sera. In addition to these shaz-ed bands, all .E.
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yoelii preparations seem to have two proteins with apparent

molecular weight of 210 kDa and 20 kDa which are recognized

by hyperimmune sera. A 46 kDa and a 40 kDa proteins present

in g. yoelii parasitized erythrocyte ghosts and g. yoelii

saponin antigens recognized by hyperimmune sera but absent

in trophozoite ghosts are probably of parasite origin.

There are seven proteins which are likely to be

infected red blood cells membrane antigens, such as 136, 62,

52 and 41. 5 kDa identified by Coomassie blue which are

present only in g. yoelii parasitized erythrocyte ghosts and

g. yoelii trophozoite ghosts antigens, a 58 kDa protein

identified by immunoblotting in g. yoelii parasitized

erythrocyte ghosts antigen reacted with hyperimmune sera

(and may be the 62 kDa Coomassie blue band), a 43 kDa

protein present in g. yoelii trophozoite ghosts antigen

recognized by hyperimmune sera (this may be the 41.5 kDa

Coomassie blue band) and a 27 kDa band detected in g. yoelii

parasitized erythrocyte ghosts.

Proteins bands which are unique to g. yoelii

parasitized erythrocyte ghosts recognized by hyperimmune

sera are 146 & 118 kDa which are also present in g. yoelii

parasitized erythrocyte ghosts and £. yoelii trophozoite

ghosts antigens (146 is also present in £. yoelii saponin

antigen reacted with normal sera).



TABLE 6

Comparison of the immunoblotting patterns of
Normal RBC ghost, £. yoelii parasitized RBC ghost, £. yoelii Trophozoite ghost

and £.~ Saponin antigen with hyperimmune sera".

Normal P.yoelii P.yoelii P.yoelii
RBC ghost RBC ghost Troph. gh. Saponin ag

I
+ HIS + HIS + HIS + HIS, I I ,

210K 210K 210 K

173 K 173 K 173K 173 k

160K 160 K 160 k 160 K

146K

118K

925K 92.5 K 92.5K 925K

SOK SOK SOK SOK

69K 69K 69K 69 K

65K 65K

58K

46K 46

43K

40K 40 K

325K

27K

II I 20K I 20K I 20 K I
*Based on results in Figure 15.
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G. Metabolic Labeling

The metabolic labeling of g. yoelii trophozoite

parasite-encoded proteins with 3H Isoleucine was used to

detect possible neoproteins localized on the host cell

surface. Figure 16 shows a schematic representation of the

different protocols used to biosynthetically label g. yoelii

trophozoites. The first protocol, identified as "lane 2",

was used to label proteins present in infected cells that

were extracted and reacted with hy~erioo~une sera. These

complexes of labeled proteins and antibodies were bound to

Protein G sepharose which binds to Fc portion of the

antibody molecule. The second protocol, identified as "lane

3", was used to identify labeled proteins in the £. yoelii

trophozoite ghost membrane which were extracted and

precipitated with hyperimmune sera. This is different from

the first protocol since only membrane antigens reactive

with hyperimmune sera should be recovered while with the

first protocol, all antigens reactive whith hyperimmune sera

should be recovered. The third protocol, identified as

"lane 4", represents total protein produced by £. yoelii

trophozoites. The fourth protocol, identified as "lane 5",

is 'lsed as a control for parasite proteins which may

directly bind to Protein G sepharose. The fifth protocol,

identified as "lane 6", identifies £. yoelii trophozoite

antigens located on the red cell surface of trophozoites



I Biosynthetically labelled £.yoelii Trophozoites I
Lane 2 Lane 3 Lane 4 LaneS Lane 6

Make P.yoelii Incubate with
Trophozoites HIS
ghost Rocked 1 hr.

Wash 3 x
RPMI

Add Extraction Buffer (1:7). Keep 1 hr. on ice.

Centrifuge 75,000 x g for 30 min.

Collect Supernatant

Incubate with HIS
Rocked for 1 hr

Add Protein G Add Protein G
1:1 with HSBm 1:1 with HSBBS
Shake for 1 hr. Shake for 1 hr.

Wash 3 x with HSBBS

!Mix with Laemmlis 1:1 (Reduced)

SDS-PAGE

Figure 16. Schematic representation of the experimental design used for study of
biosynthetically labelled £.yoelii trophozoites with 3H IsoLeucine.
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which are identified by hyperimmune sera. In this sample,

surface antigen-antibody complexes are bound to Protein G

sepharose.

After SDS-PAGE autoradiography, no neoprotein with

molecular weight above 92.5 kDa was identified with

hyperimmune sera (Figure 17, Table 7). A total of twenty

proteins were produced based on the number of bands obtained

for the total trophozoite protein protocol (lane 4) and

iii"':"''ateen of these proteins in infected cells were recognized

by hyperimmune sera. The nineteen neoproteins identified

when the £. yoelii trophozoite extract (lane 2) was

incubated with hyperimmune sera were: 92.5, 79, 76, 73, 69,

60,58,46,43,32.5, 31,30, 27, 26, 24.5, 24,22, 19, 14.3

and 12 kDa. Only twelve neoproteins were identified by

reacting hyperimmune sera with £. yoelii trophozoite ghost

(lane 3). Low molecular weight proteins present in the

trophozoite between 30 and 19 kDa in size were absent in the

ghosts suggesting that these proteins along with proteins of

12 kDa correspond to internal parasite antigens.

Thirteen neoproteins appear to be located at the

surface of £. yoelii trophozoite and are accessible to react

with hyperimmune sera. The apparent molecular masses of

these proteins are: 92.5, 79, 76, 73, 69, 60, 46, 43, 31,

30,26, 19 and 14.3 kDa. (Figure 17 and Table 6). Only two

of these surface neoproteins were identified by
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Figure 17. Biosynthetic labeling of parasite
proteins an host cell plasma membranes. g.
yoelii trophozoites were metabolically labeled
with 3H Isoleucine for 4 hours. Then, four
protocols outlined in Figure 16 were followed and
the samples were subjected to SDS-PAGE.
Corresponding autoradiograms: Lane 2, g. yoelii
trophozoites + EB + HIS + PG; Lane 3, g. yoelii
trophozoites ghost + EB + HIS + PG; Lane 4, E·
yoeliitrophozoites + EB; Lane 6, g. yoelii
trophozoites + HIS + EB + PG. Marker in kDa are
on lane 1. Dotted marks highlight proteins
mentioned in the text. HIS: hyperimmune sera,
EB: Extraction buffer, PG~ Protein G sepharose.



TABLE 7

Comparison of the molecular weight" of the neoproteins after SDS-PAGE and
autorradiography from f. yoelii metabolically labeled trophozoite and £. yoelii trophozoite

ghost immunoprecipitated with hyperimmune sera.

P.yoelii troph + P.yoelii troph gh P.yoelii troph P.yoelii troph
EB + HIS + PG EB+HIS+PG + EB HIS + EB + PG

Lane 2 Lane 3 Lane 4 Lane 6

92.5 K 92.5 K 92.5K 92.5 K

82.0 K 82.0K

79.0 K 79.0K 79.0 K 79.0K

76.0 K 76.0K 76.0 K 76.0K

73.0 K 73.0 K 73.0K

69.0 K 69.0K 69.0 K 69.0K

60.0 K 6O.0K 60.0K 60.0K

58.0 K 58.0K 58.0 K

46.0 K 46.0K 46.0K

43.0 K 43.0 K 43.0 K 43.0K

32.5 K

31.0 K 31.0 K 31.0 K 31.0 K

30.0 K 30.0K 30.0 K 30.0K

27.0 K

26.0 K 26.0 K 26.0 K

24.5K 24.5K..:..,' ...............................-..........''''' .....

24.0 K 24.0 K

22.0 K 22.0 K

19.9 K 19.0 K 19.0 K 19.0K

14.3 K 14.3 K 14.3 K 14.3 K

12.0 K 12.0 K

"Based on results in Figure 17.
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immunob1otting of trophozoite ghosts (92.5 and 69 kDa) and

the 79 and 19 kDa surface antigens probably correspond to

the 80 and 20 kDa antigens identified by immunoblotting.

Other labeled surface antigens may not possess epitopes

stable under immunoblotting conditions. Interestingly, a 46

kDa protein detected on the trophozoite red cell surface was

not identified in the biosynthetically-Iabeled ~. yoelii

trophozoite ghost preparation but in immunoblotting this

protein was identified in ~. yoelii parasitized erythrocyte

ghosts and a ~. yoelii saponin antigen preparation in

presence of hyperimmune sera; this protein is probably a

major parasite protein which contaminated the lane 6

preparation. In addition to 46 kDa protein, a 73 kDa

protein detected on the surface and identified by metabolic

labelling although this was not identified in

biosynthetically labeled~. yoelii trophozoites ghost; this

is also probably a parasite antigen which was detected

because of some disruption of trophozoite membrane

integrity. Furthermore, in immunobloting, all R. yoelii

antigens possessed a 20 kDa protein reactive wi.th

hyperimmune sera while a similar 19 kDa protein probably

located on the surface was identified by metabolic

labelling.

In order to identify the probable location and/or

origin of proteins detected by Coornassie blue:
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immunoblotting and metabolical labeling experiments, four

criteria were used as follows and the data are compiled in

Table 8:

(a) Normal red blood cell antigens were considered to be

those present in normal red blood cell ghosts identified by

Coomassie blue, reactive with normal sera and/or

hyperimmune sera by immunoblotting and not metabolically

labeled. These proteins are 200-210, 118, 108, 65, 39, 28

& 14 kDa.

(b) Parasite antigens were considered those present in

£. yoelii saponin antigens identified by Coomassie blue,

reactive with hyperimmune sera in all antigens preparations,

and metabolically labeled. Some of these proteins were

present as contaminants in ghost preparations. These

proteins are: 73, 46, 32.5, 27, 26, 24.5, 24, 22 & 12 kDa.

(c) £. yoelii infected red blood cell membrane

antigens were considered to be metabolically-labeled

antigens present in trophozoite ghosts. Some of these were

exposed on the trophozoite surface (92.5, 79, 76, 69, 60,

43, 31, 30, 19 & 14.3 k.oa) while some were not surface

accessible (82, 58 kDa). Several of these protein species

appeared to have comigrating normal host membrane antigens

(92.5, 80 & 69 kDa). Not all species were detected by

immunoblotting, indicating that certain epitopes were

destroyed under i~~unoblotting conditions.
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(d) "Modified" antigens or co-migrating antigens were

considered those present in normal red blood cell ghosts and

all g. yoelii antigens which reacted with hyperimmune sera.

Some of these antigens appeared to be metabolically labeled

and may represent comigrating parasite derived and host

derived protein species. These antigens are: 92.5, 79-80

and 69 kDa and were accessible on the red cell surface.

Others were not metabolically labeled but were found

primarily in infected red cells and may represent host

antigens modified by the parasite. These include proteins

of 173, 160 and 146 kDa. A 173 kDa protein was identified

in all g. yoelii antigens by normal sera and by hyperimmune

sera. A 160 kDa was identified in all antigen preparations

by hyperimmune sera. A 146 kDa protein was identified in

all g. yoelii antigens by normal sera and in the g. yoelii

parasitized red blood cell ghost antigen by hyperimmune

sera.



TABLE 8

Summary of the probable molecular weight" of the different antigens
identified by Coomassie-blue SDS-PAGE stainning patterns, immunoblotting analysis

and metabolically-labeled ~. yoelii.

107

Normal Parasite ~. yoelii "Modified"
Red Blood Cell Antigens Infected RBC or Co-migrating

Antigen Antigens Antigens

200·210 k 73 k 925k (173) k

118k 46k 82 k (160) k

108 k 32.5 k 79 k (146) k

65 k 27 k 76 k 925k

39 k 16k 69 k BOk

18k 24.5 k 60k 69 k

14 k 22 k 58

12 k 43 k

31 k

30k

19 k

143 k

"Based on results in Figures 13, 14, 15, 17 and Tables 4, 5, 6, 7.
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H. Vaccination Experiment

This study was performed in order to determine whether

proteins expressed on the membrane of infected erythrocyte

ghosts could induce protective immunity against E. yoelii

infection.

The E. yoelii 17X non lethal strain was used as the

challenge strain in this study. Figure 18 shows an

schematic representation of the experimental design which

was followed in this stuc.y. Five groups of BALB/c mice were

given a vaccine consisting of either normal (Group Ia) or

infected erythrocyte ghosts with Freund's adjuvant (Group

Ib) given subcutaneously into the tail. In another set of

experiments, one dose of either normal (Group IIa) or

infected erythrocyte ghosts (Group II b) without adjuvant

were given intravenously and the control group (Group III)

received one dose of PBS with adjuvant given sUbcutaneoulsy

into the tail. Twenty one days after the last dose of

vaccine, all vaccinated animals were challenged with g.

yoelii 104 parasites. To evaluate antibody production, IFA

titers were determined on day 7, 14 and 20 after the last

dose of vaccine. In the group Ib which received two doses

of E. yoelii parasitized erythrocytes ghost with adjuvant,

antibody titers increased from 128 on day 7 to 512 by day 20

(Table 9). The group vaccinated with one dose of g. yoelii
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parasitized red blood cells intravenouly without adjuvant

developed a low antibody titer by day 20 (128).

Table 10 shows the average counts of the percentage of

parasitemia in the different vaccination groups.

In this experiment, mice vaccinated subcutaneously

with two doses of g. yoelii parasitized red blood cells with

Freund's adjuvant were not protected against challenge with

P. yoelii 17X strain. However, a single dose of g. yoelii

parasitized erythrocytes ghost by the intravenous route

without adjuvant conferred a significant degree of

protection against the challenge with the g. yoelii 17X

strain. On day 14, the group lIb, which received a single

dose of ~. yoelii parasitized erythrocytes intravenously had

a reduced parasitemia (21.44%) compared with the control

group (normal red blood cell ghost, 30.88%). The others

groups had parasitemias between 29.56% and 39.33%. Group

lIb also required less time to clear their parasitemia.

However, vaccination, did not affect the prepatent period in

this group nor any other of the experimental group (Figure

19).

It seems that the clearance of challenge infection

correlated with a high proportion of degenerate

intracellular parasites (crisis forms) observed in blood

smears. The damaged intraerythrocytic parasites were in

high number on day 16 in group lIb although all the other
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groups did show crisis forms which eventually cleared

parasitemia (Figure 20).

There was no correlatiom with the production of

antibodies against R. yoelii parasitized erythrocyte ghosts

since group IIb which had a low antibody titer the day

before the challenge, showed better degree of protection

compared with control groups and other experimental groups

developing high antibody titers.

Furthermore, it seems that the route of injection

directly influence R. yoelii the development of protective

immunity induced by infected red cell membrane antigens.



IGroup: I Day 0 I Day - 21 I Day - 42 I Days 2 to 22 I
la I Dose II Dose

Sub. tail Sub. tail
Normal RBC gh Normal RBC gh

+ Freund's + Freund's
Complete Adj. Incomplete Adj.

Ib I Dose II Dose Challenge: Follow up
Sub. tail Sub. tail

P.yoelii RBC gh P.yoelii RBC gh Every
+ Freund's + Freund's

Complete Adj. Incomplete Adj. P.yoelii other day

ITa I Dose
1cr GiemsaNormal RBC gh

LV.
Parasites smears from

ITb I Dose
P.yoelii RBC gh tail.

LV.

III Control
PBS +

Freund's
Complete Adj.

Sub. tail

Figure 18. Schematic representation of the experimental design used in the vaccination study
with Normal RBC ghost and P.yoelii parasitized RBC ghost as antigen with BALB/c mice.
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TABLE 9

Immunofluorescence antibody titer showed in pooled serum collected from
each group of mice on days 7, 14 and 20 after the last dose of vaccine.

I I
IFA TITER (Reciprocal)

IGROUP I IDay 7 Day 14 Day 20

Normal RBC
la ghost 0 0 0

+ Freund's Adj.

P.yoelli
Ib RBC ghost 128 256 512

+ Freund's Adj.

Normal RBC
ITa ghost 0 0 0

LV.

P.yoelli
lIb RBC ghost 0 0 128

LV.

PBS
III + Freund's Adj 0 0 0

Control
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TABLE 10

Percentage" of Parasitemia in the different groups of vaccinated
BALB/c mice after challenge with f. yoelii

113

Group Ia Group Ib Group Il a Group Il b Group III
NormalRBC P.yoelii RBC NormalRBC P.yoelii RBC PBS

Days ghost + ghost + ghost ghost + Adj.
Adj. Via Sub Adj. Via Sub. Intravenous Intravenous Via Subcut.

2 0.88% 0.67% 1.08 % 0.5 % 1.16%
(+ 033) (+ 0.23) (+ 039) (+ 0.26) (.±. 0.41)

4 2.44% 2.0% 2.56 % 1.52 % 2.88 %
(.±. 0.92) (.±. 0.69) (.±. 0.69) (.±. 0.41) (.±. 0.44)

6 9.24% 6.13% 6.%% 5.52 % 1032%
(.±. 1.66) (.±. 1.15) (.±. 3.01) (±. 1.97 (.±. 3.43)

8 932% 9.07 % 8.28 % 7.12% 9.84%
(.±. 1.67) (.±. 0.83) (.±. 3.14) (.±. 2.03) (.±. 9.84)

10 19.88 % 16.73 % 21.20 % 16.56 % 26.64 %
(.±. 3.94) (.±. 2.8) (.±. 534) (.±. 6.43) (.±. 8.34)

12 34.4 % 31.0 % 25.2% 26.08 % 44.04 %
(.±. 4.84) (.±. 4.34) (.±. 8.42) (.±. 236) (.±. 5.52)

14 29.56 % 3933 % 30.88 % 21.44 % 40.4 %
(.±. 7.98) (.±. 0.83) (.±. 3.77) (.±. 6.37) (.±. 5.15)

16 29.0 % 22.27 % 28.52 % 10.64 % 34.0 %
(+ 14.09) (.±. 11.2) (.±. 13.55) (.±. 8.54) (.±. 14.11)

18 10.88 % 11.47 % 11.04 % 3.28% 27.0 %
(.±. 9.58) (.±. 13.98) (.±. 11.27) (.±. 4.56) (.±. 22.8)

20 1.76 % 5.2% 3.28 % 0.0% 8.3%
(.±. 2.43) (.±. 9.01) (.±. 6.67) (.±. 10.41)

22 0.28% 1.47 % 0.32% 0.0% 1.6 %
(.±. 033) (.±. 2.54) (.±. 0.72) (.±. 2.26)

0;. Average counts from 5 mice in Ia, Ib, IIa, III groups, the lib had 3 mice.
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Figure 19. Vaccination of BALB/c mice with £.
yoelii parasitized erythrocytes ghost by the
intravenous route (without adjuvant) and by the
subcutaneously route (with adjuvant) and
challenge with 104 ~. yoel;; parasites. A
significant difference between parasitemias of
vaccinated mice at day 14, P=0.0004719 was observed.



Figure 20. Degenerate intracellular parasites
(crisis forms) were observed in blood smears in
group IIb day 16 and 18 (a, b respectively).
Giemsa stain, oil x 1000.
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Figure 21. Degenerate intracellular parasites
(crisis forms) were observed in blood smears in group
IIa and III by day 16 (a, b, respectively). Giemsa
stain, oil x 1000.
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v. DISCUSSION & CONCLUSIONS

A. Discussion

Different experimental studies using a variety of

malaria model systems, including man, have demonstrated

alterations in the surface of the infected erythrocyte.

Since surface antigens may be the target of antibodies and

cell-mediated immunity, it is important to determine whether

these morphological changes in the malaria parasitized

erythrocytes are accompanied by antigenic changes which

allow them to be recognized by antibodies or immune effector

cells.

Our study began with the phagocytic assay of

parasitized erythrocytes in the presence of antibodies.

These experiments showed that normal peritoneal macrophages

phagocytosed R. yoelii parasitized erythrocytes more

effectively in the presence of immune or hyperimmune sera

than in the presence of normal sera. These results

correlate with those of Tosta & Wedderburn (1980). They

reported that immune serum caused a significant enhancement

of phagocytosis with £. yoelii parasitized erythrocytes.

Similar studies were performed by Hunter et al., (1979)

using an in vitro phagocytosis system composed of serum and

monolayer cultures of rat peritoneal macrophages. In this

system, hyperimmune serum augmented the phagocytosis of R.
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berghei-infected red blood cells to a greater degree than

did normal serum. In other studies, Celada et al., (1982)

using an in vitro system showed that human monocytes from

normal blood donors ingested g. falciparum red blood cells

more efficiently than normal red blood cells. In this

system, however, the phagocytic activity was enhanced more

greatly by the addition of what they called "immune sera"

(hyperimmune sera?) from individuals living in areas with

endemic malaria with a history of repeated malarial

infection than those sera obtained from individuals

recovering from a first infection (immune sera?) or with

normal sera. Using monocytes from normal volunteers, Celada

et al., (1982) observed the preferential phagocytosis of g.

falciparum-infected erythrocytes containing schizonts and

trophozoites but no substantial ingestion of ring stages.

In addition, serum from malaria-immune individuals (and

purified IgG) greatly enhanced the ingestion of infected

erythrocytes. Based on these and other experiments, Shear

(1989) concluded that "two factors enhance the ingestion of

parasitized erythrocyte: macrophage activation and immune

serum directed at the surface of the infected erythrocytes".

Celada et al., 1982 and Tosta & Wedderburn, 1980 considered

that macrophage activation enhances ingestion although it is

apparently not absolutely required. Furthermore, Khusmith

et al., (1982) believed that immune serum or antibody
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sensitization appears to be essential for ingestion by

activated macrophages. Moreover, it is possible that free

parasites and erythrocytes containing mature parasites are

preferable targets of ingestion because they express surface

antigens against which the immune serum is directed (Shear,

1989).

In addition, our in vitro test system did not show a

significant degree of phagocytosis of normal erythrocytes by

mice peritoneal macrophages. The major material ingested

were infected erythrocytes and free parasites. Our system

always used £. yoelii parasitized erythrocytes collected in

a percoll gradient, which included mainly late trophozoites,

schizonts and some free parasites. However Chow and Kreier

(1972) did not observe significant ingestion of R. berghei

parasitized erythrocytes in vitro in the presence of immune

serum, although ingestion of merozoites and trophozoites was

observed.

Based on the results of our experiments we cannot

establish a difference between the phagocytic activity using

immune or hyperimrnune sera. One explanation may be the

presence of antibodies of similar specificity and titer in

immune and hyperimmune sera. Furthermore, there was no

correlation between the phagocytic activity and IFA antibody

titers of immune or hyperirnmune sera.
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In these studies, there was little difference between

the percentage of phagocytosis by normal macrophages toward

NE and NPE in the presence of normal, immune or hyperimmune

sera. Non parasitized erythrocytes were included as a

control because it has been reported that parasite antigens

as well as immunogloblulin are associated with their

membranes (Howard, 1982; Lustig, et al., 1977). Thus, based

on our results it is unlikely that parasite antigens were

present in the membrane of non parasitized erythrocytes of

~. yoelii-infected mice.

The enhancement of phagocytosis of £. yoelii

parasitized erythrocytes by the addition of immune or/and

hyperimmune sera supports the possibility that parasite

derived antigens are expressed in the membrane of infected

erythrocytes. We attempted to demonstrate these parasite

derived membrane antigens directly using a variety of

techniques.

The surface-immunofluorescent-antibody assay is a

method used to detect the binding of serum antibodies to

surface antigens. Our results using this assay were not

conclusive since we had similar rim-like immunofluorescence

in ~. yoelii parasitized erythrocytes in the presence of

normal and hyperimmune serum at 1:50 dilution and a small

number of infected parasitized erythrocytes showed surface

fluorescence at 1~100 dilution of normal sera. However it
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is interesting to note that this fluorescence was only

obtained with parasitized erythrocytes; non-infected

erythrocytes in the field did not exhibit any surface

fluorescence. Other studies using this technique have

reported controversial results. Marsh et al., (1986)

observed the binding of IgG antibody from 'non immune I

Europeans to a small proportion of g. falciparum infected

cells. They considered this to be a result of an

"endogenous antibody in sera of non-immune individuals which

bind specifically to a small proportion of infected red

blood cells". Interestingly, in immunoblot and metabolic

labeling studies we also found evidence for the reactivity

of normal sera with parasite-derived membrane antigens.

Wunderlich et al., (1988a), studied the accessibility

of the neoproteins on the surface of g. chabaudi-infected

erythrocytes using erythrocytes in suspension incubated with

hyperimmune sera followed by the second antibody conjugated

with FITC. Fluorescence was not observed on the surface of

these intact erythrocytes. However, fluorescence was

observed when erythrocytes were first air-dried onto slides

and fixed with methanol before incubation with hyperimmune

sera. In this case the fluorescence was observed in

parasites within the erythrocytes in addition to

significant fluorescence associated with the host cell

plasma membrane 0 They considered that "drying and/or
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methanol fixation induce changes in membrane organization

which make accessible parasite proteins normally buried in

host cell plasma membranes". They did identify neoproteins

by metabolically labeling with 14C isoleucine and by

immunoblotting using hyperimmune sera but none of the

parasite proteins was accessible by lactoperoxidase-mediated

radioiodination , indirect immune fluorescence microscopy or

post-embedding immunoelectron microscopy. Interestingly,

the study identified proteins in host cell plasma membranes

after the membranes had been artificially changed during

isolation or by drying and/or methanol fixation which

probably made accessible "cryptic" parasite proteins located

in host cell plasma membranes. Based on these results,

Wunderlich et al., (1988a) proposed that neoproteins

reorganize host cell plasma membranes to the benefit of the

parasites. For example, parasites might deposit their

antigenic proteins in a way that they are not accessible on

the surface of intact parasitized erythrocytes. In another

study, (Hommel et al., 1983) used surface immunofluorescence

to study the antigenic diversity of determinants expressed

on the surface of squirrel monkey erythrocytes infected with

E. falciparum. They found that the three geographical

strains expressed different surface determinants. They

compared reactivity between convalescent sera and sera taken
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after the 4th challenge infection. Their positive antibody

titers were low and varied between 125 to 250.

Since it has been shown by others that new antigens are

expressed on the red cell membrane after infection with

malaria, we tried to detect red cell membrane neoantigens by

examining the binding of normal sera and hyperimmune sera to

g. yoelii parasitized erythrocyte ghosts using an ELISA

test. Unfortunately, it was not possible to measure

specific anti-plasmodial antibody using this technique, even

though different variations of the technique were used. Our

results consistently showed no significant difference

between the binding of normal or hyperimmune sera to normal

red blood cells ghosts or g. yoelii infected erythrocyte

ghosts. These results were consistent with the difficulty

in demonstrating membrane antigens by immunofluorescence.

Kim et al., (1980) were able to use an intact red blood cell

radioimmunoassay to detect antibodies against newly

expressed antigen or antigens or parasitic antigens

expressed on £. yoelii infected red cells. They observed

that hyperimmune sera produced two to three times higher

binding to infected erythrocytes than to those from normal

mice. In addition, they did not find any significant

difference between the binding of normal and hyperimmune

serum antibodies to normal erythrocytes. Thus, the reason
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why our ELISA test was unsuccessful while their assay worked

is unknown.

Although localization of parasite proteins in host cell

plasma membranes is controversial, the importance of

studying parasitic proteins exposed on the host cell surface

is clear since they may be ideal target-candidates for a

host immune attack by a variety of immune mechanisms.

Different techniques are currently used to identify

neoproteins in malaria parasite infected cells. In our

study, we tried to identify proteins expressed on £. yoelii

parasitized erythrocyte ghosts using SDS polyacrylamide gel

electrophoresis, immunoblotting and metabolic labeling with

3H Isoleucine. In order to categorize antigens identified

with the different techniques four criteria were used as

follows: (a) Normal red blood cells antigens were considered

to be present in normal red blood cell ghosts identified by

Coomassie blue, reactive with normal sera and/or hyperimmune

sera by immunoblotting but were not metabolically label.

These proteins are: 200-210, 118, 108, 65, 39, 28 & 14 kDa.

(b) Parasite antigens were considered those present in £.

yoelii saponin antigens identified by Coomassie blue,

reactive with hyperimmune sera in all antigen preparations,

and metabolically labeled. Some of these proteins were

present as contaminants in ghost preparations. These

proteins are: 73, 46, 32.5, 27, 26, 24.5, 24, 22 & 12 kDa.
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(c) g. yoelii infected red blood cell membrane antigens were

considered to be metabolically-labeled antigens present in

trophozoite ghosts. Some of these were exposed on the

trophozoite surface (92.5, 79, 76, 69, 60, 43, 31, 30, 19 &

14.3 kDa) and some were not surface accessible (82, 58 kDa).

Several of these protein species appeared to have

comigrating normal host membrane antigens (92.5, 80 & 69

kDa). Not all proteins were detected by immunoblotting,

indicating that certain epitopes were destroyed under

imunoblotting conditions. (d) "Modified antigens" or co

migrating antigens were considered to be those present in

normal red blood cell ghosts and all g. yoelii antigens

which reacted with hyperimmune sera. Some of these antigens

appeared to be of similar molecular weight as metabolically

labeled antigens and may represent co-migrating parasite

derived and host derived protein species. These antigens

are: 92.5, 79-80 and 69 kDa and were accessible on the red

cell surface. Others were not metabolically labeled but

were found primarily in infected red cells and may represent

host antigens modified by the parasite. These include

proteins of 173, 160 and 146 kDa. We concluded that most of

these "modified" or co-migrating antigens are membrane

localized since all of these with the exception of 146 k are

present in all antigens preparations, including normal red

blood cell ghosts and were recognized by hyperimmune sera.
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In addition, 173, 146, 92.5 and 69 kDa proteins were present

in all P. yoelii antigens and reacted with normal sera.

These membrane proteins were probably derived from

proteolytic cleavage or other modification of host proteins.

Interestingly, Howard et al., (1980b) using

radioiodination of surface proteins on red blood cells from

R. yoelii infected erythrocytes reported a variation of the

patterns of radioiodinated proteins depending on the size of

the initial inoculum given to the mice. with a low dose

inoculum, the major change was the appearance of a major new

76 kDa protein on infected and uninfected cells. Moreover,

with a high dose inoculum he reported a loss of minor

radioiodinated bands seen on normal erythrocytes and the

appearance of 60, 50, 43 and 23 kDa on both infected and

noninfected cells. In addition, he reported a 92 kDa in the

surface of normal and parasitized erythrocytes as well.

Murakami and Tanabe (1985) using a monoclonal antibody,

reported a 160 kDa R. yoe1ii antigen originally present in

merozoites which translocated into erythrocyte membranes

upon entry to the host cell. We reported a 160 kDa protein

as a "modified" or comigrating antigen with possible

membrane location. However, our metabolic labeling studies

did not identify any protein above 92.5 kDa.

Mogil et al., (1988) suggested that parasite-directed

antigens of 62 to 64 kDa and 86 kDa were a complex
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associated with class I MHC glycoproteins on membranes of E.

Yoelii 17X-NL parasitized erythrocyte ghosts. These

antigen-MHC complexes were capable of inducing immunity in

vivo. In metabolic labeling studies we found a 60 kDa

parasite-associated protein and a 80 kDa membrane-associated

protein of infected erythrocytes. Our 80 kDa protein may

correspond to the 86 kDa antigen described by Mogil and

coworkers.

To determine whether any of the proteins expressed in

the membrane of infected cells were capable of inducing

protection we conducted a vaccination study in mice using a

parasitized red blood cell membrane antigen.

In the first set of experiments mice received either

two doses of normal red blood cells ghosts or two doses of

E. yoelii parasitized erythrocytes emulsified with an equal

volume of Complete or Incomplete Freund's Adjuvant injected

sUbcutaneously into the tail. Neither of these groups of

mice were protected against challenge.

In contrast, mice immunized intravenously with a

single dose of E. yoelii infected red blood cell ghosts

without adjuvant developed a significant degree of

protection against challenge with the homologous parasite.

These interesting results correlate with data reported by

Mogil et al., (1988) in which mice were partially protected

against £0 yoel;; when the intravenous route was used to
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inoculate one dose of a component of solubilized £. yoelii

parasitized membrane proteins associated with class I MHC.

In addition, Jerusalem & Eling (1969) compared the

protection obtained by vaccinating £. berghei intravenously

as well as by other routes. These investigators reported

that the route of antigen inoculation was very important.

They showed that intravenous injection of the antigen

provided the best results as compared to intraperitoneal and

intramuscular routes based on the percentage of surviving

mice after challenge. Early studies by Spitalny and

Nussenzweig (1972) demonstrated the development of

protection when mice were inoculated intravenously with x

irradiated sporozoites of £. berghei and challenged with the

homologous parasite. other routes such as intramuscular,

intraperitoneal, intracutaneous or por os with the same

antigen failed to induce protection.

other studies using a 230 kDa £. yoelii protein

synthesized in schizonts and expressed on the merozoite

surface in combination with an adjuvant (Saponin, Freund's)

have resulted in protection (Freeman & Holder, 1983). They

found that the protective response was adjuvant-dependent,

with maximal protection achieved using two doses and

resulting in the production of high antibody titres. In

these experiments the infection developed normally for 5

days, followed by the appearance of crisis forms and rapid
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clearance of parasites. However, these studies evaluated

the induction of immunity to parasite-associated antigens

and may be irrelevant to protection induced with infected

red cell membrane antigens. In evaluating the difference

in vaccination results is it important to consider a variety

of aspects such as the nature of the antigen, the mode of

antigen presentation, the route of inoculation, the use of

immunepotentiators and number of doses. Vaccination studies

have shown that adjuvant is required in some immunization

studies with the purpose of stimulation of specific immune

response to the antigens by different mechanisms while it is

not required for other protocols.

Wunderlich et al., (1988b) reported that two doses of

host cell plasma membranes isolated from £. chabaudi

infected erythrocytes with Freund's Adjuvant given by

subcutaneous injection at the base of the tail protected

mice from the lethal consequences of the challenge with the

homologous parasite. However, the protection was related to

the significant increase in mouse survival but did not

change the prepatent ~eriod, the course of infection or

maximal parasitemias. In contrast, While vaccination with

~. yoelii membranes also did not affect the prepatent period

in this study, both the course of infection and maximal

parasitemias were modified. Most notably, protected mice in

group IIb cleared their parasitemias more rapidly than
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controls. These differences in outcome may reflect the

differences in virulence and mechanisms of immunity betweem

~. chabaudi (lethal) and~. yoelii (non lethal) strains.

Freund's complete adjuvant, a water-in-oil emulsion of

mineral oil stabilized by Arlacel A containing mycobacteria,

retains the antigen at the site of injection and causes a

granulomatous response with the activation of macrophages by

the mycobacteria (Bomford, 1989). A possible explanation

for the failure of the ~. yoelii ghost antigen and Freund's

adjuvant to confer protection against ~. yoelii challenge

could be that the antigen-adjuvant immunization regimen did

not prime specific cells necessary for a faster clearance of

parasitemia. In our experiment Freund I s adjuvant localized

the antigen which probably stimulated antibody production

(1:512 titer by IFA day before challenge) and activated

antigen-specific lymphocytes in local lymph nodes. However,

these immune cells (1) may not have been of the appropriate

phenotype to affect parasite growth or (2) may have been of

the appropriate phenotype but may have remained localized at

the site of priming, while most of the parasites become

distributed systematically and were unaffected by the local

immune mechanisms. In contrast, intravenous vaccination may

have resulted in a more systemic priming of relevant cell

types, wi th activation of immune mechanisms in organs though
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to play an important role in parasite clearance, such as the

liver and spleen.

The route of antigen administration is an important

factor to consider in vaccination against malaria.

Spitalny & Nussenzweig (1972) considered that protection is

contingent upon the hosts ability to establish systemic

immunity. Based in their experiments, they concluded, that

animals immunized by any route other than the intravenous

route resulted in a localized immune response which is

unable to arrest an intravenous challenge.

One of the crucial stages in the development of the

immune response is the way in which the antigen is

encountered by the immune system. ThUS, the effector

pathway induced by intravenous inoculation of R. yoelii

ghosts (group lIb) was probably as follows: The antigen

given was able to prime a T cell population which responded

to challenge infection by producing appropriate lymphokine

(s) and/or soluble factors. This then led to the activation

of a large amount of liver and spleen macrophages with

enhanced capacity to clear erythrocytes infected with £.

yoelii. This increased rate of clearance was noted in group

lIb with the appearence of "crisis forms" which were

abundant by day 16 followed by the disappearance of parasite

by day 18. Although the crisis forms were also found in the

other groupsi their presence coincided amazingly with the
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clearance of parasites. In addition, it it is possible that

the low levels of antibody corresponded to relevant

antibodies and are a different population that those induced

with adjuvant. Perhaps antibodies present helped in the

reduction of parasitemia whereas the complete clearance

required the activation of spleen and liver macrophages.

Thus, this may be an example of an antigen preparation which

induces both T and B cell for protection.

The ability of infected red cell membranes to confer

partial immunity in mice to E. yoelii infection suggests

that some of the parasite-derived membrane antigens

described in this study may play a role in immunity to

malaria. Future studies directed at isolating these

membrane antigens and evaluating them in the E. yoelii mouse

malaria model may identify new target antigens for malaria

vaccine development. Furthermore, this model may also be

exploited to study the mechanisms of immunity induced by

intravenous immunization with infected red cell membrane

antigens.

B. Conclusions

1. Normal peritoneal macrophages phagocytosed E.

yoelii more effectively in the presence of immune or

hyperimmune sera than in the presence of normal sera. The

enhancement of phagocytosis of E. yoelii parasitized

erythrocytes was probably related to the presence of
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antibodies specific for antigens on the surface of infected

erythrocytes.

2. The surface immunofluorescent assay used to detect

the binding of serum antibodies to surface antigens was

suggestive of the presence of novel surface antigens on

parasitized erythrocytes.

3. ~. yoelii infected red blood cell membrane antigens

were identified as metabolically-labeled antigens present in

trophozoite ghosts. Some of these were expresed on the

trophozoite surface (92.5, 79, 76, 69, 60, 43, 31, 30, 19 &

14.3 kDa) and some appeared to have co-migrating normal host

membrane antigens (92.5, 80 & 69).

4. Parasite antigens were also identified in ~. yoelii

saponin antigens identified by Coomassie blue, staining in

immunoblots with hyperimmune sera in all antigens

preparations, and by metabolic labeling. Some of these

proteins were present as contaminants in ghost preparations.

These proteins are: 73, 46, 32.5, 27, 26, 24.5, 24, 22 & 12

kDa).

50 A significant degree of protection against

challenge with the homologous parasite was observed in mice

immunized intravenously with one single dose of g. yoelii

parasitized erythrocyte ghosts without adjuvant, indicating

that membrane antigens of parasitized erythrocytes may play

a role in immunity to ~. voelii malaria.
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