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SUMMARY

The ninth meeling of the Scientific Working Group on the Immunology of
Malaria of the UNDP/WORLD BANE/WHO Special Programme for Research and Training
in Tropical Diseases (TDR) reviewed progress in the development of sporozoite
vaccines and in the identification and analysis of protein antlgens of
exoerythrocytic and asexual blood-stage parasites. Analygses of protein
function and primary structure and protein-elicited immune responses arve now
making it pussible to define the ‘roles of specific proteins in the host-
parasite interaction and to determine the potential of these molecules as
candidates for malaria vaccines,

The development of sporozeite vaccines based on the circumsporozoite
surface (C5) protein 1s continuing, using either a synthetic peptide coupled
Lo a carrier or a recombinant protein expressed in Escherichia ¢oli. A FPhase
I trial of the recombinant protein vaccine (falciparum spor¢zcite vaccine-l or
F5Y-1) has just been completed and a trial using the synthetic peptide vaccine
is about to start, The FS8V-1 vaccine was well tolerated, but the antibody
response of the immualzed volunteers was disappointing. This may be due in
part to genetic restriction in the Immune-response  genes, such as that
described in congenic mouse straing immunized with the repeating epitope.
Further analysis of the Immune response to sporozoites im mice suggested that
high levels of cell-mediated immuanlty may be required for protection, and the
analysis of human sera from endemic areas revealed a greater heterogeneity in
antibody specificity than that observed previously.

Studies on the exocerythrocytic (EE) stages represent an important new
area of molecular analysis in malaria. An effect of gamma-interferon (Y-INF)
on immunity against liver-stage parasites has been demonstrated. Although
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liver-stage parasites have been shown to share some epltopes with both
sporozoltes and asexual blood stages, a unique liver—stage antigen was
described and progress on cloning the gene for this protein was reported.

Beveral antigens of the asexual blood-stage parasite have now been
characterized at the level of nucleotide sequence, A number of parasite-
derived antigens have been examined for their ability to inmunize and protect
rodents and nonhuman primates. In one immunization study enploying parts of
the RESA/Pf155 molecule expressed from E, coli recombinants plus Freund's
complete adjuvant, Aotus monkeys were significantly protected against

P. faleiparum challenge,

Malarial proteins on the merozoite surface, within merozoite organelles,
or assoclated with the host erythrocyte membrane have been described and the
role of these proteins in attachment and invasion of red cells is being
Investigated, The genes for many of these proteins contain repetitive
sequences which, 1like those in the C§ protein, are lmmunodominant. Repeats in
different antigens may be related and as a result antibodies induced by
asexual-stage antigens may crossreact with several d4ifferent antigens,

Antigens of P, vivax blood-stage parasites have been identified, and
¢cloned DNA for some of their genes has been isolated,

Pregentation of the recombinant or synthetic antigens in a manner that
will induce responses mimicking the natural protective responses observed
against the parasite may be ecrucial to the development of malaria vaccines,
The multiple mechanisms of Immune responsiveness to specific antigens were
outlined and different methods of antigen presentation and processing
degseribed,

A limited number of selected references to previously published studies
are given in sectien 10, More comprehensive reference lists are given in
recent reviews (Heldvich, 1986; Miller et al, 1986).

L. INTRODUCTION

The ninth meering of the Scientific Working Group on the Immunology of
Malaria reviewed the current status of sporozeite vaccine developmwent and
research towards the development of asexual blood-stage vaccines. The
development of sporozoite vaccines is in an advanced stage and the results of
Phase I trizls of a recombinant-derived polypeptide construct were presented,
Studies on the specificity of the immune response to the sporozeite, both with
respect to the specificity of the immunity induced by natural infection and
the possible genetie restriction of the response, - Were reported, Many
blood-stage antigens have been described and part of the meeting was devoted
to defining the relationships between antigens described by different
investigators, Genes for several of these proteins have now been cloned and
analysis of these, together with the specificity of the antibody response to
the primary peptide sequences, have revealed a compley intevaction with the
immune system. The possibility of using some of these antigens as the basis
for wvaccines has been reinforced by immunization studies with either parasite
or tYecombinant~derived protein, However, the potential problems of
immunogenicity and genetie restriction of host responsiveness are areas where
considerable further research will be required,

2, SPOROZOITE VACCINE DEVELOPMENT

The structure of the surface protein of sporozoites (the ¢ircumsporozoite
[C8] protein) has been elucidated in a number of Plasmodium species, including
P, faleiparum (Dame et al, 1984; GEnea et al, 1984}, P. vivax (Arnot et al,
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1985, McCutchan et al, 1985), P. koowlesi, PB. cymomolgi, P. berghei and P.
yoelii, The nucleotide sequence of sach gene predicts a repetitive amino acid
sequence that forms an immunodominant epitope. Although the repeat element {in
cach species can vary in length, the overall length and amino acid composition
are restricted. On each side of this structure there are charged reglons with
homology between the different species, In P. falciparum, the ecentral repeti-
tive region contains Asn-Ala-Asn-Pro (NANP) repeated 37-41 times, interspersed
with a small number of the alternate repeat Asn-Val-Asp-Pro (NVDEY. This
repeat atructure is found in strains from all over the world (Zavala et al,
1985; Weber & Hockmeyer, 1985). FProtection against gporozoites appears, at
least in part, to be mediated by antibodies directed against this immunodomi-
nant region of the G5 protein,

Antisporozoite vaccines using as antigens either synthetic peptldes or
proteins expressed as recombinant products have been developed. Each of these
approaches has a number of potential advantages and disadvantages. The
synthetic peptide is a chemically defined entity, but the coupling to a larger
carrier molecule introduces a number of potential variables and problems, The
cholce of carrjer and the amount of peptide to be conjugated to it are

important., Prior exposure of the individual to the carrier amd antigenic
competition between the peptide and the carrier may influence the performance
of the Jimmunoger. Carrier hypersensitization and rapid clearance after

immunizarion could reduce the immune stimulation by the peptide. Also, if the
carrier is providing erucial T-cell epitopes, boosting of the response by
exposure to natural infection may not occur. A recombinant protein 15
potentially available in large amounts, although the purification to
homogenaity of each type of molecule can be expensive and difficuler, Such
reconbinant proteins may be large encugh to have T-call sites, but boosting by
natural exposure may not occur, Both types of vaccine are likely to require
an adjuvant,

2.1 Development of Synthetic Peptide Vaccines¥

Synthetic peptides based on the repeat have been made and used 1n an
inhibition assay for monoclonal antibody (MAB) binding to define the minimum
size of the epitope. The §-mer (NANP); showed no inhibition but (NANP)3
and larger peptides inhibited binding. in further studies the lZ-wer
{NANP)3 has been udsed. High-titre serum from a human volunteer immunized
and protected with 1rradiated gporozoites reacted with (NANP}3 and the
binding was 90% inhibited by MAB. In sera from an endemic area (The Gambia),
the titre increased with the age of the individual. These sera recognized Lhe
sputozoite in the immunoflucrescent antibody (IFA) test and the (NANP )3
repeat in a solid-phase assay; preincubation with the synthetic peptide
abolished this teaction.

* Since the rime of the meeting, the following information has become

available: The peptide conjugate {NANP)z—tetanus toxoid was
subsequently tested for safety and immunogenicity in healthy nonlmmune
human volunteéers. The vaceine was well tolerated, noatoxic and

immunogenic, Antibody responses correlated with vaccine dose and the
antibodies recognized sporozoites. A challenge study was carrxied out in
three volunteers who had received four monthly Ineculatiocns of vaccine and
in four nonvaccinated control subjects. All controls developed patent
infection within seven ta tean days after challenge. One vaccinated
subject was fully protected and the two others showed delay in patency
until day 11.
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Rabbits immunized with the synthetlc peptide linked te a tetanus toxoid
carrier produced antibodies reacting with the peptide, with sporozoites (by
IFA) and with the CS polypeptide (om Western blots), Most of the anti-peptride
activity can be absorbed by P. faleiparum sporozoites but nmot by P, berghei
sporozoites., The antipeptide antibodies neutralized sporozoites in vitro and
inhibited sporozoite invasion into hepatoma cells, Eight of 11 MABs raised
against the peptide recognize the C5 protein, Purther studies have shown that
the (NANP)3-tetanus toxoid construct 1s immunogenic in  Aotus wmonkeys.
Because tetamus toxoid is a good antigen, presensitization may interfere with
and reduce the response to the hapten., It has been shown that only one of
several straing of inbred mice recognized the repetitive epitope on the
P. faleiparum C§ protein {Good et al, 19863 Dbel Giudice et al, 1988},
Alrhough the synthetic peptide vaccine may overcome this restriction in immune
response since the carrier can provide T-cell epitopes, the responge may not
be boosted in narure, Preclinical studies using several other candidate
peptide—catrier conjugate vaccines are in progress.

2.2  Development of Recombinant Vaccilnea®

The expression of the entire C5 protein in ¥, coli has proved difficult,
but a number of recombinant clones expressing the repetitive epitope have been
produced, Both R32ter3? and R48tet32 proved to be immunogenic in mice, but
the responge was increased by the addition of Freund's complete adjuvant or
aluminium hydroxide {alum). R32tet32 induced high levels of antibodies in mice
and vrabbits, with circumsporozolte precipitation (C8P) and danhibition of
gporozoite invasion (I51) responses (Young et al, 1985), Although the response
in outbred animals was good, genetic restriction of the immume respoumse in
defined mouse strains was observed (Good et al, 1986: Del Giudice et al,
1986). In rthesus wmonkeys, 70% of the animals responded to R3I2tet32. On
re—immunization after six months, boosting occurred only In those monkeys that
responded to the primary immunization. The duration of the response in mice
showed that the antibody titre by ELISA fell in parallel to the ISI response,
At 44 weeks, the response to the alum—adsorbed material was still good in both
systems, but antibody levels in the animals immunized with the peptide alone
were falling,

The results of FPhase I safety and immunogenicity studies imn  human
volunteers of an alum—adsorbed vaccine known as FS5V-1 (falciparum sporozoite
vaccine-l) were reported., This study was designed to establish in healthy
nonimmune human volunteers the safety of increasing doses of FSV-1 and to
evaluate whether F3SV-l induces an immune response in humans. FSV-1 consists
of single-dose ampoules of sterile R32tet32 (NANP3aNVDEstet32, where tetr3l
refers to the first 32 amino acids encoded by a tetracycline resistance gene)
and preserved with thimercsal, FSV-1 was administered intramuscularly to
groups of three volunteers at selected doses (10, 30, 100, 300 and 800 ug
together with alum, 0.5wmg Al(3+) per dose). Volunteers received primary
immunizations at week 0, boosted at the same dose at weeks 4 and 8, and were
evaluated for immediate toxicity for 20 miuutes after immunization and 24 and
48 hours later. Serum for autibody determinarion was obtained cne week after
the first dose and then biweekly for 16 weeks. Sera were assayed by ELISA
using R3IZLR, a purified recombinant comatruct which contains only the first two
amine acids of the tetracycline resistance gene as the test antigen, Pre-
imwunization sera for eack volunteer were assayed simultaneously with

* since the time of the meeting, six immunized volunteers subsequently
received a fourth dose of FSV-1. They and twe nopimmunized control
subjects were challenged by bites of infected mosquitos, The controls
developed patent parasitaemia on days 9 and 10, respectively. Of the
immunized volunteers, one did nor develop parasitaemia and the others
did s0 on days 12 and 13, The protected volunteer had the highest
antibody response to the vaccine,
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post-immunization sera. Sera were also assayed for (5P and ISI reactivity and
by 1IFA, and, in some cases, immunoglobulin class and subclass responses to
R32tet32 or R3IZLR were measured by ELISA., Blood for studies of cellular
responses was obtained prior to the fivst immunizarion and four weeks after
each dose and assayed for in vitre lymphocyte preoliferatiom in response to
R3Zret32.

The vaccine was generally well tolerated at all five doses. Minor local
pain oceurred In seven of nine volunteers receiving doses of 100 ug or
greater. One volunteer who received 800 pg doses developed a generalized
transient urticarial eruption within five nminutes of the third dose of F&V-1,
Assays of haematological, hepatic and renal function revealed no evidence of
toxieity in any volunteer,

Antibody regponses to F5V-1 were detected two weeks after the primary
fmmunization and were dose—dependent, Twelve of fifteen (80%) vaccine
recipients hnad detectable antibody when serum was assayed at a dilution of
1;50, Most were not positive beyond a 1:200 gerum dilution and titres began
to fall after 12 weeks. Boosting of antibody responses after primary
immunization was seen in only two volunteers, both of whom received the B0O ug
doge, No restriction of IgG subclass respouse was ldentified. Sera from all
volunteers were screened for IgE by ELISA, using R32tet32 as antlgen, but it
was detected only In post-booster serum from the volunteer who developed an
allergic reaction to F5V-1., (8P reactivity was detected in sera o¢f nine of 15
volunteers, including at least one individual at each dose. In all cases, C3P
ceaclivity developed after multiple doses of FSV-1 and was limited to 2+
reactions. No vaccine recipiemt developed ISI activity greater than 75% at
any time during the study. Antibodies reactive with sporozoeites by IFA were
detected only in the sera from volunteers receiving the 800 ug dose.
Lymphocyte proliferation assays showed a response in 11 of 13 veolunteers,
There was no apparent correlation between the magnitude of the proliferative
response in vitro and either antibody production or dose recelved,

Vaccine examined at the conclusion of the trial showed ne evideance of
degradation., The possibility that lengthening the interval between booster
doses may result in superior aatibody response was explored in rhesus monkeys
imaunized with FSV~1 during preclinical studiesj a delay of six months between
boosters did not significantly alter the antibody responses.

The response to R32tet3? in congenic mice has been shown to be highly
restricted and under the control of Ir gene products. Only a limited number
of T-cell epitopes have been shown to be present on the molecule and these are
distributed between both the €8 repeat region and the tet32 portion of the
protein, This restriction im T-¢ell epitopes may play & role In the observed
lack of booster responses to FSV-1 in human volunteers.

F5v-1 is the fitst of a series of malaria vaccines which will undergo
Phase 1 trials in humans. Several new candidate vaccines have been developed
taking into account the experience with F8v-1. One approach has been to
express new P. falciparum C5 proteins incorporating additional T-cell epitopes
to enhance immunogenlicity and provide am opportunity for boosting by natural
gporozolite exposure, T-cell epitopes derived from the parasite may also
elicit cellular immune mechanisms that xill developing exoerythrocytic (EE)
stages in the liver.

Larger parts of the €8 molecule may contain additional T—cell epitopes.
P. knowlegi and P. falclparum CS proteins have baen expressed in vaccinia and
induced antibody responses in rabbits. The P. vivax C5 antigen has also been
expressed in yeast and can be readily purified. Animals, including Saiwmiri
monkeys, immunized with this recombinant antlgen, using alum as adjuvant,
produced antibody which inhibited invasion of sporozoites inte hepatoma cells
in vitro, Low primary responses were increased by boosting.
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2.3 Immune Me¢hanisms Iavolved in Sporozoite Immunity

Earlier studies with _l':". berghei showed that irradiated sporozoites
inoculated intravenously protected against challenge infection and that the
C8P reaction correlated well with protection. In other studies, mu—suppressed
mice could be protected, and transfer of sensitized spleen cells to reciplents
gave protection, the latter being lost if the cells were treated with
f=-antiserum and complement (Chen et al, 1977). Nevartheless, in another study
passive transfer of a wonoclonal antibody conferred passive protection against
homologous challenge (Potoenjak et al, 1980),

Mice were fmmunized with irradiated sporozoites, with synthetlc peptide
based on the P, berghei repetitive sequence coupled o Lkeyhole limpet
haemocyanin (KLH), or with full length P. berghei 8 protein produced in
E, coli, and then c¢hallenged with 1000-10 000 gporozoites, Antisporozoite
antibody responses were assayed by ELISA and for OSSP and ISI reactivity.
Animals immunized with the recombinant protein made antibody at titres at
least as high in all assays as those elicited in 2nimals immunized with
sporozoites, but on challenge with 500, 1000 or 10 000 sporozeoites, they were
lege well protected than the larter. When challenged with 300 sporozoites,
mice were protected by passive kransfer of sither MAB or protein A-purified
IgG from mice immunized with the peptide-KLH construct, but not by serum Erom
mice immunized with the recombinant construct or with irradiated sporozoites,
Adoptive trapsfer of spleen cells from immune animals conferred protectlon
against a chalienge of 10 000 sporozoites. Cell populations enriched in
B cells did not protect, whereas those enriched in T cells did protect on
teansfer, These results stronpgly implicate cell-mediated immunity (MI} in
protection against sporozoites.

In thils rodent model the results suggest that immunization with
sporozoites 1nduces a high level of cell-mediated protection. On the other
hand, immunization with peptide or recombipant protein induces a low level of
protection that is antibody—mediated and high titres of ELISA, CS5P and ISI
antibodies. Factors inecluding peptide length, ovientation or degree of
substitution of the carrier, timing of dose or route of immunization wmay
influence the type of immune response induced. A synthetic wvacecine should
stimulate protective immunity that can be induced by irradiated sporoszolites;
however, the cellular effector mechanisms involved are not yet understood.

An antigen competition assay using IFA on wet sporozoites or dot bleots
was used to apalyze MABs apainst the C8 protein and synthetie (NANP),
derivatives, The recombinant antigen K32 at different concentrations totally
blocked the binding of twe MARs to the sporozoite gurface. Using human sevra,
much poorer competition was observed and the bindiang of some sera was not
inhibited at all by the additjion of R32., About half of the setra did not reaet
with R32 in dot blots.

In the second set of agsays, using antibedy competition in IFA, dot
blots or ELISA, it was possible to iunhibit the binding of the MAB by human
sera and vice wversa, but although there were antibodies of the same
specificiety, othey specificities were also present in rthe sera. Binding of
the MAB to R32 could not be blocked by human immune sera, suggesting that
these antibodies differ in their specificicy for R3I2 epitopes,

Human 1lymphoblastoid cell lines specifiq for sporozoite or EE stages
have been produced and 12 MABs have been used to screen a number of different
Thai strains of P. falciparum. Considerable vestriction in the numbers of
sporozoites recognized in different stralus was ohserved by IFA.  For exasmple,
MAB 11 recognized 60% of parasites in Th I, bur none in Th IV or Th VI1I,
whereas MAR IV recopnized no parasites in Th I, 60%Z in Th IV and 100%Z in
Th VII. DNope of the other MABs recognized the Th V11 strain, and the Th X
strain was only recognized by MAB VII. When hyperimmune sera from individuals
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living in Righ fransmission areas were screened against the same straims, they
recognized sporozoites in most strains, whereas two sera from individuals
living in a low transmission area recegnized omnly a small population of
sporozoites in some isolates aad many in some other isolates, Thege findings
suggest that several antigenic specificities may be present on individual
sporozoites in differentr isolates. 1Ir is not yet known whether these results
refiect the presence of proteins other than the C§ protein on the sporozoife
surface, or the presence of multiple variable epitopes on the (S proteln
created by microheterogeneity in repsat structure.

Antibodies in the sera of mice immunized with recombinant or synthetle
epiropes have a number of effects on sgporozeltes in vitro, inhibiring
atrachment, entry and Intracellular development in liver cells (Mazier et al,
1986). There was a dose—dependent inhibitory effect of MABs using purified
IgG, burt rtotal dnhibition of the development of sehizonts ecould not be
achieved: at best, 85-95% inhibirion was observed. A varilety of antibody
specificities appear to be present {in human sera thar vary in their
reactivities with different isolares. Some sporozoites evade the aatibody
effects in vitre, even with good correspondence betwean the antibody and the
sporozoire antigen.

Another study of anhisporozoite antibodies showed that rhe results of
differeat tests in human sera do not always correlate (Hoffman et al, 1986).
For example, high scores in the ELISA and IST assays wera measured in some
sera that gave a poor reaction in the IFA test. Only 30% of the sera gave a
pusitive CSP reaction, but 80% gave positive IS and ELISA reacrioms, although
rhere was no direct correlation between the two assays, Sera from different
age=groups were examined: in infants (<l year old), a positive ELISA reaction
but litrle ISl resctivity were detecrted; din the 1-3-year age-group, no
antibody was detected by ELISA, but these sera appesred fo enhance invasien
into hepatoma cells; in the 4-9-year and »20-year age—groups, increasing IS8T
and ELISA tirres were derected.

Domains of the 8 protein that bind te bhepatoma cells were analysed by
Seatchard plot analysis. R32tet32 bound nonspecifically; R32LE produced by
rrypsinization or as a recombimant construct alse bound nonspecifically, and
the level of binding suggested that a nonspecific binding step may be invelved
in iavasion., The comserved region N1 from P. faleiparum or P. knowlesi bound
similarly and competitively inhibited each other. Antibodies te N1 from
P, falciparum blocked sporozoite invasion, and crosslinking of N1 with
HepGZ-AL6 cells identified twoe putative receptor molecules with a relative
molecular mass (My) of 35 000 (33K) and 55K, respectively. A longer conserved
peptide from the same region, N2, did not bind either specifically or nonspeci=
fically, C5 processing involving protease action at multiple lysine sites
within N2 may activare Nl for binding., Invasion may thus involve nonspecific
binding of the species~specific repeat region and specific bhinding of the
conserved N1 region to hepatic receptors.

3. EXOERYTHROCYTIC-STAGE PROTECTIVE IMMUNITY

Recent studles suggest that immune mechanisms operare against the liver
stages of malaria parasites. For example, following infection of Norwegian
brown rats with P. berghei sporozoites, up to 30% of liver schizonts were
shown to be invaded and destroyed by immune cells, Kupffer cells, monocytes
and neutcophlls (J, Maes, unpublished data).

3.1 Role of Gamma Interferon (y—IFN)

In P. berghei{ infection in mice, inrerferon-inducers affect the course
of sporozolte-induced blvod-stage parasitaemia, for example, by abolishing the
infection or lengthening the prepatent period. This effect appears fo operate
st the FEE stage since rhere is no apparent effect on the spovozolites or
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blood=stage parasgites, The effect of recombinant jinterferon (IFN) on the
liver stages in both rodent and chimpanzee models has been assessed using a
repetitive DNA probe to enumerate the EE stages in the liver,

Ig Noxwegian brown rats, rat Y-IFN administersd either prier to or after
P. berghei sporozoite infection dnhibited the EE sgtage (Ferreira et al,
1986). A maximum of 907 inhibition was observed when Y-IFN was administered
at five hours before sporozoite imfection (-5 hours), Inhibition was achieved
only when Y-IFN was given at intervals between -18 apd +24 hours, but some
effect was also seen if Y-IEN was given at five and 20 hours after sporozoite
infection., These effects appeared to be independent of challenge size between
40 000 and 400 000 sporozoites. A dose—-dependent reduction of PB. berghei EE
forms in hepatoma cells in vitro was also obtained by the addition of human
¥-1FN.

Administration of human Y-IFN to c¢himpanzees challenged with P. vivax
sporozoites imcreased the prepatent period before blood-stage parasites were
seen (Ferreiva et al, 1986), It is not clear whether ¥—-IFN caused a delay in
EE development or whether there was selection of forms with reduced pumbers of

° rveceptors for y-IFN. . ‘

3.2 Antigens of Liver-Stage Parasites

Liver schizonts are antigenically distinet and yet share defined epitopes
commop  te sporozoites and to  asexual blood forms of the parasite. An
understanding of the antigenic composition of liver merozoites could have
important implications for malaria vaccine development, due to the pivotal
role that these parasites play between the sporozoite stage and the asexual
blood stage. A stage—specific antigen has been detected in immature EE forms
of P, falciparum (Druilhe et al, 1984). Strain variation of this antigen has
not been found so far. It is located at the periphery of liver schizoats, and
possibly around the developing merozoites of mature forms. The antigen is
heat-stable and it can be detected in infected hepatocytes in vitro. A similar
antigen can ke Jdentified in ‘E. vivax EE forms in Saimird monkeys and in
P, yoeliji EE forms in vitro or in vive.

After invasion of sporozoites and production of liver asexual blood
g¢tages, there are several modifications of proteian synthesis and antigen
£XPression. Some epitopes shared by liver stages and asexual blood stages or
sporozoites could be defined by MABs, There were few common epitopes,
although several epitopes showad some degree of erossreactivity, Thug, mauy

e antibodies to other stages did not react with EE parasites, but some reacted
at a lower titre (for example, antibodies against the 195K blood—stage
antigen} while antibodies agaiunst a 22K protein reacted with both liver and
blood-stages at a similar titre,

EE stages obtained from chimpanzees iunfected with sporozoites have also
been examined. Oae chimpanzee was infected with sporozoltes from P. falciparum
clone 3D7 and a second received sporozoites of clome HB3. MABs recognizimg at
least three epitopes of the (8 protein and & polyclonal serum raised against
R32ter3? were used to look for the presence of CS5-like epitopes in mature liver
schizonts. These aptibodies reacted with late liver schizents from both
clones showing a fine granular patrtern. The reaction was blocked with

. R32tet32 and was of lower titre than that obtained with the intact
gporozoite. (None of these sera reacted with blood-stage parasites),

Some MABs that recognize different proteins in asexual blood~stage
parasites algo reacted by indirect immunofluorescence with liver schizonts.
These MABs included: two specific for PEEMP 2, a 300K antigen located on the
cytoplasmic face of the infected erythrocyte membrane; 126K and 101K proteins
located in the bleod-stage parasitophorous vacuole and on the merozoite
surface; a series of antigens of 80, 60 and 40K that are sssociated with the
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rhoptry organelles; and two different epltopes of a l4K protein that appears
to be assoclated with the merozoite surface. In gemeral, the MASs reacted
less strongly with the liver schizonts than with the blood-stage antigens.
The MABs against PfEMP 2 and the rhoptry proteins gave a fine granular
pattern, whilst the other MABs produced a coarse granular pattern. Different
MABSs against distinet epitopes of the 195K protein reacted with late liver
gchizonts, The strain specificlty of these MARs was identical fox both the EE
and blpod-stage forms. All MABs to the 195K protein gave a ¢oarse zranular
pattern with 1liver stages and had a similar titrxe to beth liver and
blood=stage parasites.

Biochemical analysis of the liver—stage proteins is difficult because of
the small numbers of parasitized cells that can be obtaiued, No liver-stage
specific MABs have been obtained, and purifying mRNA is virtually impossible,
As an alternative approach, affinity-purified polyclonal antibodies were
prepared from the sera of individeals who had been highly exposed to gporozoite
challenge but protected agalnst the asexual blood stages by drug prophylaxis
over many Years. These sera had a high titre te liver-stage antigens and
sporosoitas, but were nexative for antibodies agalnst the blood stage. Genomic
libraries in an expression vector were screened differemtially with antibedy
preparations, Clones identified in this way were used to affinity-select
specilic antibodies which were then screensd against the three stages. Threa
clones selected antibodies which gave the same reactivity as human inmune
gerum on early or late liver stages, and the antibodies were stage~ and
species-specific, The f-galactosidase fusion protein expressed by one clone,
307, had a heat-stable epitope, and DNA sequencing showed that the inserxt
contained a 51 base-pair (bp) element (coding for 17 amino acids) repeated
three and a half times. This sequence does not appear to be related to any
known P. falciparum sequence. The gene is located on chromosome 3 in all
straing, bul some rvestriction fragment polymorphisw was detected in Rsa 1
digests of pgenomie DNA from different strains. The 307 fusion protein was
able to absorb antibody from human sera and totally inhibit antibedy binding
to the liver stages with nine out of ten sera, At the moment, the role of
this antigen is unknown, but recombinant DNA methods will facilitate this
analysis.

b. ASEXUAL BLOOD—-$TAGE ANTIGENS OF P. FALCIPARUM

4,1 A Comparisen of Antigens and Speeific Reagents
from Different Laboratories

A comparison was made of antibody reagents specific for proteins in the
100-160K molecular-weight range ideptified in different laboratories, in order
to establish the relationship between these antigenic proteims, Four distinct
gpecific anbligens (see Table 1) were defined and none of these appeared to be
related to the Pfl55 rimg-infected erythrocyte surface antigen or the gpl95
merozolite surface protein.

Ri40, R4 and R31l recognized antigens of differemt sizes when electro-
phoresed on parallel gel tracks. None of these antibodies gave a RESA-type
IFA pattern., MAB 5E3 recognized the same antigen as B4, MAE 3D5 recognized a
unique antigen.

4.2 The Major Merozoite Surface Antigen

4,2,1 The 195K glycoprotein of P. falciparum

The precursor to the major merozoite surface antigens is a glycoproteln
synthesized throughout schizogony and transported to the surface of the
lutracellular parasite. Late in schizogeny, pessibly at the time of merozoite
release, the protein appears to be processed to specific fragments, some of
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TABLE 1, COMPARISON OF DATA ON REAGENTS

SOURCE OF MONQCLONAL OR ESTIMATED SIZE SUBCELLULAR

ANTIBODY SPECIFIC Ab OF ANTIGEN 1GCATION

RECOGN LZED
A.A. Holder R140 (rabblt Ab 140K merozolte/
to purified Ag) + 135K rhoptries
WIC 61.3 (MAB to doublet
purified Ag)
L,H, Perxiu R4 (rabbit Ab to 140K
purified Ag) schizont/
Pilatus (serum from parasitophorous
monkey immunized vacuole/
with pure Ag) merogoite
Jo A Lyon SE3 (MAR) 113K surface
M.E. Perkins R311l (rabbit ab 130K Glycophorin-
to cloned binding protein
gene product (GEP)

J. A, Lyon 303 (MAB) 101K schizeont/
parasltophorous
vacuole/
merozolte
surface

Ap = antibody
Ag = antigen
MAB = monoclonal antibody

which arve found on the surface of released merozoites., The precursor has a
molecular weight of 180 to 205K, depending on the strain of E. falciearum,

Specific fragments derived from the 195K precurser 'in the Camp strain
ftave been wmapped to the linear gene sequence, usling specific MABs and anti-
bodies affinity~purified on recombinant cloneész expressing parts of the gene
(Lyon et al, 1986). In another study, the fragments of this polypeptide
associated with merozoites of the Wellcome strain were investigated. Specific
regions of the gene were espressed iIn E, coli and antibodies raised against
the products rvecognlzed species of 83, 42, 38 and 19 in extracts of surface-
labelled merozoites, and additional species of 28-30 and 15-18K were detected
on Western hlots., Previows work had shown that the 83K fragment was derived
from the N-terminus of the precursor and this was confirmed in these studies.
The 42 and 19K fragments were shown to be derived from the C-terminus of the
molecule and to contain epitopes constrained by c¢ystine regidues. It is
proposed that the linear sequence of fragments is B83-28/30-38-42K, with the
15-18 and 19K peolypeptides being subfragments of the 42K species. Epitopes
associated with the 42/19% region ¢an be detected in ring stages and this part
of the molecule may be carried in on the parasite surface during invasion,

Complete DNA sequences have been obtained for the gene from three strains
of P. falciparum and partial sequences from a number of other strains (Holder
et al, 1985%; Mackay et al, 1985%: Weber et al, 1986), A comparison of these
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sequences indicates the genetic basis of the antigenic polymorphism thar has
been described for the 195K protein. The gene consists of seguences
distributed in variable blocks that are separated by consetved or semi-
conserved sequences. Variable sequences occur not only in the regioms that
code for the tripeptide repeats, but also in regloms without apparent
repetitive structure. Variable sequences are apparently not widely pelymorphic
but fall into two distinet types. This suggests that the protein is encoded
by dimorphic alleles capable of limited genetlc exchange. Evidence at the
nucleotide level indicares rthat infragenic recombination can generate the
overall structural diversity observed within this gene from different strains.

The 195K (180~205K) antigen has been purified from extracts of culfured
SGE2 parasites by affinity chromatography and electroelution of the band from
SDS~PAGE gels and used to immunize groups of Salmiyi selureus monkeys, using
100 ug of antigen together with Freund's complete adjuvant (Perrin et al,
19%4y, All the immunized monkeys had significant specific antibedy titres
(measured by IFAT) ar six weeks, After challenge with 2.5 x 167 asexual
blood—-stage parasites of FUP Palo Alto strain, the control animals had high
parasitaemia by day 10 and most of them had to be treated, All the immunized
monkeys developed low or moderate parasitaemia and recovered without anfi-
malarial treatment. The degree of protection achieved in these experiments
was similar to thar reported previously for lmmunization with whele merozoites
and schizonts, All the sera from the immunized monkeys reacted with the
polypeptide used for the immunization, but some of the processed products were
not detectable by immunoprecipitation, The processed products, for example,
the 83K fragmenr, were clearly detected using Western blotting against schizont
extracts, The monkey sera recognized schizouts and rthe suxface of merozoires
by 1FA, and no antigen was detected in ring stages. A cDNA clone contalning
seguences corresponding to the N-terminus of the 83K fragment was obtained and
three peptides corresponding tuv different regions were synthesized (Cheung et
al, 1984), Peptide 1 consisted of residues 1 to 43 (43 amino acids), peptide
2 tonsisted of residues 20 to 43 (24 amine acids) and peptide three consisted
of residues 46 to 79 (34 aminc acids). The polypeptides were coupled to
fetanus toxoid and used Lo immunize rabbits. These animals produced antibodies
recognizing the 180=205K protein and an 83K protein om 2 Western blor and
reacting with the surface of merozoites by IFA, Rabbits immunized with unique
sequences (peptides 1 and 2) reacted with silx of six P. falciparum isclates
tested, while rabbits immunized with the repeat polypeptide (5GGSVA) reacted
with five of six isolates,.

The 43 awino acid syntheric peptide coupled to tetanus toxoid (TT) was
selected for immunization studies in squirrel monkeys. The antibody response
in monkeys was much lower than that in rabbits and the protection induced by
immunization was highly variable. The four control monkeyz all had para—
sitaemias of *204 and required treatment. In the experimental group one
animal had a *20% parasitaemla but with a marked delay in onset, and the other
three animals recovered spontaneously afrer peak parasitaemias of 19, 9.2 and
3.4% on days 10, 9 and 9, respectively. Maximal parasite growth inhibition of
25% was obtained in vitro using an IgG fraction of the vabbir serum.

The identification of immunogenic regions of the molecule in which the
primary structure is conserved in all isclates or which exhibit only limited
antigenic variability may be important. Attention has been focused on the
N-terminal end of the 195K protein. Mice were immunized with a 30K
recombinant pretein (Nde peptide) from the N-termimal reglon of gpl?5, The
N—terminal 231 amino acids of this protein are highly conserved between the
Camp and Wellcome isolates, whereas the C~termiunal 47 amino acids are varlable,
Ant isera ralsed against this protein reacted specifically on Western blots with
gpl95 and the B3K species and also reacted with the 73 and 67K fragments seen
in the Camp strain, When tested by IFA with three parasifre strains that have
serologically different gpl95 (Camp, INTM-22 and FCR-3), the antisera reacted
with all three strains, but reacted more strongly with the homologous Camp
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strain. The antisera have not given convincing growth iahibition in vitro. An
immune Aotus monkey serum that iphibits Camp strain parasite growth in vitro
2lso interferes with the complete processing of gpl95, in particular blocking
the cleavage of p83 at the N-terminal end to the 73 and 67K species. Anti-
bodies way act by hindering access to the proteagse c¢lesvage site or by
fnhibiting directly the activity of the processing protease, but the precige
mechanism is unknown.

4.2,2 Rodent models: the 230K protein of P. yoelii

Two wurine malaria parasites, F, yoelii and ¥P. chabaudl adami, are beipg
used to elucldate the mechapisms of both cellular and humoral jamunity which
function during malaria infection. Resolutjon of acute infection with
F. yoelii vequlres antibodies, whereas resolution of acute infection with
P.c. ademi is antibody-independent but requires T lymphocytes. This provides
a model for investigating the nature of cell-medizted jmmune wmechanisms which
may ald the host ip combating infection,

Mice passively immunized with MAB 302 to P, yoelii are protected againat
8 challenge with lethal and nonlethal variants of this parasite (Majarian et
al, 1984). MAB 302 imsunoprecipitated a 230K molecule analogous to the gpl95
melecule of P. falciparum, together with smaller polypeptides of 67 and 36K,
It is wunclear whether the dramatic biclogical activity of MAB 302 against
P, yoelij results from its idiotype or its isotype (IzG3), To approach this
question meonoclonal and polyelonal anti-jdiotypic antibodies specific for
MAB 301 have been prepared.. These anti-idiotypic antibodies have been used to
measure the concentration of antibodies with the 302 idiotype in sera from
mice infected with P. yoelii and to attempt to induce synthesis of this
protective idiotype by iammunization of mice with the anti-idiotypic antibodies
prior to infection.

B. yoelii genomic DNA has been used to construct an expression library
in Agtll, which was screened using MAB 302, A clone has been isolated which
produces a large g—galactosidase fusion protein tecognized on Western blots by
antigerum to the 230K antigen. The DNA insetrt in this clone iz &4kb and, when
used as a probe, recognizes an 8kb plasmodial mRNA which ie operationally
polyA-. A partial restviction map has been obtalned for rhe clone, together
with partial nucleic acid sequencing data on the portion of the clone
containing the 1700bp open reading frame. This ingert crosshybridizes slightly
with P. berghei, but not with P, faleiparum, DNA. High-level expression of
this pelypeptide will make possible the mapping of the epitope recognized by
the protective antibody, as well as a variety of immunization studies. Such
approaches wmay contribute to an evaluation of the 195K protein of
P, falcipatum as a protective antigen.

The role of cell-mediated immune mechanisms in resolving P.c. adani
infections in mice has also been studied. It was shown previously that
antigen-specific interleukin 2 (I1-2)-dependent T-cell lines could provide
adoptive protection to nude mice, which lack T cells and are therefore
normally extremely susceptible to this spacies of parasite. The protective
response was dose—dependent and antjigen~specific and abrogated by pre-treatment
of the Il-Z-propagated cells with ant{i-Thy 1.2 and complement., Mote recently,
individual T~cell c¢lones have been derived, by limiting dilution from these
¢ell lineg, and assayed for their ability to transfer protection to nude mice
infected with P.c, adami. One clone, designated CIR 2.1, allowed nude mice to
resolve their acute infections. This cell line displays an L3T4+, Lyt2-
surface phenotype. It alsoc secretes Y-IFN and IL-2 in regponse to soluble
antigen amd major histocompatibility complex (MHC)—compatible antigen—
presenting cells in vitro. These results demonstrate that a single cloned
T=cell line is capable of providing adoptive protection against this wmalaria
infection,




TDR /TMMAL/SWG( 9) /86. 3
page 14

4,3 The Ring-infected Erythrocyte Surface Antigen (RESA/PLL55)

The ring-infected erythrocyte surface antigen (RESA/Pf135) 1is present
within micronemes of developing merozoites but after invasion 1s associated
with the membrane of the npewly infected red cell. The solubility character-—
istics of RESA/Pf155 are consistent with its being anchored at the membrane
due te an Interaction with components of the membrane skeleton.

The complete structure of the gene encoding KESA/PEL133 has recently been
determined (Favalore =t al, 1986), An intron in the gene separates 3 small
exon 1 (6% amino acids) from a very much larger (1008 amino acids) exon 2.
Within exon 2, there are two regions of repetitive sequences: the 3' repeat
reglon encodes several tandem repeated of an 8—amipo acid sequence (EENVEHDA)
followed by a much more extensive set of tandemly vepeated 4=amino acid
sequences (predominantly EENV), The 5' repeat region is wmore degenerate, with
an ll-amino acid sequence (DDEHVEEPIVA) occurlug twice and five shorter
sequences derived from the Ll-mer by deletions and, in some cages, by
congervative substitutions.

Antibodies to this antigen are found at high levels in wost sera from
immune donors or from patients with repeated P, falcipayxum infections but are
of low incidence in patients with primary infection (Perlmann et al, 1984).
Studies in children living in a holoendemic area of Africa suggest that the
appearance of anti-RESA/Pf155 antibodies may correlate with the development of
clinical  immunily. Human antibodies to RESA/Pf155 efficiently inhibit
reinvasion of erythrocytes by meroczoites in vitro, and the major immunogenic
structures of KESA/PEL55 are highly conserved iInm different P. falciparum
strains, This antigen may therefore be an lmportant candidate for a vaceine
against the asexual blood stages of the parasite.

RESA/Pif15% is heat-stable and present in schizonte and merozoites, as
well as in supernatants of P, faleciparum cultures, An satigen of similar
properties was recently detected in P. chabaudi (Pchl03, 105K) (Gabriel et al,
1986). When studied by immunofluorescence, RESA/PEL55 and Pchl05 do not
crossreact. However, a mouse MAB to a synthetlc octapeptide, representing one
of the repeated C-termiral amine aclid sequences of RESA/PELS5S (see below),
hinds to PehlU5 as well as to RESA/PELS5 in immunoblotting. In addition, a
PehlO5-specific mouse monoclonal antibody also reacts in ELISA with synthetic
oligopeptides representing C-terminal repeats of RESA/PE135, indicating the
existence of crogsreacting epitopes in the two antigens.

RESA/PELS5 was initially detected as a ring-like staining of the
membrane of freshly invaded erythrocytes in a modified immunofluorescence
assay after short glutaraldehyde fixation and ailr-drying. 1o spite of the
presence of soluble RESA/PELS5 in supernatants of F. falciparum cultures, it
did not bind to uninfected erythrocytes from such cultures, although iIr does
bind selectively to human evythrocyte membranes (ghosts). Taken together,
available evidence suggests that RESA/Pf155 is introduced into the RBC membrane
during invasion and may have an important fumction in this process, perhaps by
interfering with membrasne and/or membrane skeleton organization, The RES4 3'
repeat and the erythrocyte Band 3 N-terminus are structurally related.

RESA 3' repeat: EENVEEYDEE
Band 3 N-terminus: MEELQLUDYEDE

A monoclonal antibody ralsed to Band 3 from mouse erythrocytes was found
to crossreact with Pchl05 and RESA/PE1S55 (immupoblotting), as well as with the
synthetic peptides from the C—terminal repeat region of RESA/PEL155 (ELLSA),
Another MAB specific for the Pchl03 molecule, crossreacts with RESA/PEL55 and
reacts with the synthetic peptides, but does not recognize Band 3.
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Polyclenal antibodies were prepared in rabblits using synthetic peptides
[EENVEHDA or (EENV)2] coupled to a carrier protein (KLH), A minor fraction
of the resulting peptide-specifiec antibodies also reacted with RESA/PELISS.
5imilar results were obtained with a mouse moneoclonal antibody specific for
EENVEHDA and with rabhit antibodies against the product of a synthetic gene
expresgsed In E. ¢oli as a fusion protein containing the sequence EENVEHDA
repeated four times. All antibody reagents inhibited reinvasion of
arythrocytes by merozeites in vitro, indicating that the corresponding amino
acld gequences are accessible for immune attack on the native RESA/PE155
molecunle,

To assess the importance of the C-terminal repeat sequences of RESA/PFLSS
for the human immune response, the binding of human antibodies to different
synthetic peptides in ELISA was alao investigated, The human response to these
peptides was polyclonal. While some sera contained antibodies gpecific for
EENVEHDA, a majority contained antibodies reacting with linear epitopes in the
synthetic sequence (EENV);. Antibodies binding to EENVEHDA appeared to be
of relatively low affinity and frequently crossreacted with related seguences
from other parasite antigens. In contrast, antibodies binding to (EENV)g
were of higher affinity and/or of wrore restricted specificity., The ELISA
reaction with the octapeptide could be efficiently inhibited both by
octapeptide and by (EENV)s, while the reactionm with (EENV); could only be
inhibited by (EENV); and not by EENVEHDA, These latter antibodies were also
the most efficient inhibitors of erythrocyte reinvasion in vitro, suggesting
that repeats of the tetrapeptide EENV may be a suyitable basls for s vaccine.

In order to study immune regulatiom and T-cell responses to RESA/PE153,
autologous T/B-cell cooperation systems and lymphokine assays have been set up
peraitting assegsment of both T-eell stimulation and T-cell-dependent
secretion of antimalarial antibodies in vitro. T-cells from RESA/Pf155
gseropesitive, but not those from seronegative, donors proliferated in response
to RESA/Pf155, while their response to eorude P. falciparum antigen was
suppressed. Moreover, responding T cells induced autologous B cells to
secrete anti-—RESA/PE155 antibodies into the culture supernatants. Both the
crude antigen and RESA/PE155 also induced secretion of +v-IFN in T—cell
cultures of P, faleipavum patients, an assay which appears to be a useful
indicator of the existence of T-cell immunity in P. falciparum malaria,

These results indicate that the intact RESA/Pf153 molecule possesses
epitopes required for the stimulation of helper T ¢ells and perhaps also for
the induction of protective cellular immunity, The jntact RESA/Pfl155 molecule
is therefore being wmapped for T-cell reactive epitopes. T cells from the
peripheral blood of donors living in P. falciparum-endemic areas have been
ineubated witik autolegous antigen-presenting cells in the presence of various
synthetic peptides from the C-terminal end of RESA/Pf155., In RESA/P£155
geropositive donors, cell preoliferation was obtained with synthetic peptides
which were 16-20 amino acids long and which included the OC-terminal EENV
vepeats also seen by antibodies. In responding donors, optimal T-cell
proliferation in vitro was obtained with peptides predicted to have an
amphipathic alpha-helical conformation. However, several of the donors
responding t¢ intact RESA/PI1S55 did not respond to any of these peptides,
suggesting that the anti-peptide response is genetically restricted.

Three groups of monkeys wers immunized with different regions of
RESA/P£155, and a fourth group of monkeys was immunized with an irrelevant
fusion polypeptide and then challenged with P, falcipaxum (Collins et al,
1986). Nine of the 14 Iimmunized animals showed some degree of resistance to
the challenge infection, whereas all the control animals were susceptible.
The antibody responses of individual monkeys against peptides corresponding ta
the three major repetitive sequences 1p RESA/PE1S5 were measured by ELISA, Of
the five animals Immunized with a fusion polypeptide largely composed of the
3' repeats of RESA/Pf155 (Group 1), the three amimals that were susceptible
had low antibody titres to the 8-amino acid reperitive sequence, whereas the
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two resistant animals had high antibody titres to this sequence. All five
animals had high antibody titres to the repetitive 4-amino acid sequence. Of
nine monkeys immunized with fusion polypeptides, which included the 3
repetitive sequence {Groups 1I and IIl), seven were resistant. All seven
resistant monkeys had high-titre antfbody responses to the ll-aaino acid
repetitive sequence contained within the 5’ repeat, whereas the two
susceptible monkeys had very low antibody titres to this sequence. Thus,
antibody responses induced by immunization, and measured prior to challenge,
against two different repetitive sequences {(the 3' repeat ll-mer and the 3'
repaat #-mer of RESA) predicted which animals were rendered resistant to
overwhelming infection with P. falciparum. It is of interest that neither
antibody responses agalnst the dominant 4-mer repetitive sequences nor anti-
RESA/Pf155 antibodies measured by immunofluorescence on glutaraldehyde-fized
and air—-dried films predicted which monkeys would be resistant.

Although antibodies to the RESA/PE155 1l-mer and B8-mer predicted
immunity in the Aptus vaccination trial, it is not c¢lear that protective
antibodies or other immune effector mechanisms are directed against epitopes
encoded by these repetitive sequences. The possibility that RESA/Pf153
protects by priming for an enhanced response to a crossreacting antigen oust
be investigated.

4,4  Paragite Antigens that Bind to Erythrocytes

Heterogeneity of the receptor for P, falciparum merozoites has been
demonstrated, Some pavasites are unable to invade neuraminidase—-treated
aerythrocytes (e.g., Camp strain). ©Other parasites {(a.g., strains Thai-Tn and
7C8) invade neuraminidase-treated erythrocytes, albeit at & reduced rate ( 50%
of control), Parasites that are sialic acid-dependent (Camp strain) also have
a reduced capacity to invade En(a-) erythrocytes lacking glycophorin A and
MkMk erythrocytes lacking glycophorins A and B. This suggests that the sialic
acid=containing oligosaccharide, and not the peptide, is required for invasion
by some P. falciparum merozoites. A second ligand was required for invasion
by parasites of clone 7G8, which invade independently of gialic acid. This
tigand is Lrypsin—sensitive on MkMk erythrocytes. In contrast, the sialile
acid-dependent parasite does not uge this trypsin-sensitive ligand on M Mic
erythrocytes. The identification of parasite proteins invelved In the
recognition of and binding te erythrocytes ig crucial to understand further
the molecular bases of these interactions.

4,4.1 Glycophorin=binding protein and $—antigen

Glycophorin-binding proteins {(GBPs) have been described in P. falciparum
merozolites (Perkins, 1984). Two proteins which bind to glycophorin ¢eolumns
have been identifjed in each of 12 geographic isolates of the parasite. One
of these proteins has a molecular weight of 130K (present as a triplet in
culture supermatants) amd it appears to be functionally and antigenically
conserved, The second GBP shows size polymorphism and is antigenically
complex, In some isolates (e.g., FCR-3), this second component has a
molecular weight of 155K; it can be radiolabelled by ine¢orporation of proline
and glycine anmd it is heat-stable. In other isolates (e.g., FCQ-27), the
second component has a molecular weight of 220K (depending on the isolate this
molecule has a molecular weight of between 180 and 220K). In four isolates,
this second component has been shown to correspond te the previously
identified S-antipgen.

The structure of GBP 130 has recently been detetrmined (Ravetch et al,
1985; HKochan et azl, 1986). There are 11 x 50 amino acid repeat sequences
which contain conserved elements (e.g., ADPE). E. coli-derived recombinant
ptotein binds to the glycophorin ceolumn, and binding is abolished by heat
treatment, The antigenically invariant GBP 130 polypeptide reacts with
specific antibodies raised against products from the cloned GBF 130 gene.
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The S-antigen in FCQ-27 binds to the glycophorin column and can be
identified using a MAB that also reacts with the product of Agl6 (an S-antigen
cbNA clone) by precipitation or Western blotting. However, after binding and
elution from the MAE column, the S-antigen no longer binds te the glycophorin
column,

P. faleiparum glyceoproteins such as gpl%5 or gp56, labelled with
glucoszhine in schizont extracts, do not bind to the plycophorin column nor de
specific rhoptry proteins, Some binding of the 140/120/113 antigen is
observed. .

The GBP 130 protein has been localized to the meroszoite surface, usiag
paraformaldehyde—-fixed parasites and MAB, Figation may be necessary to
gtabilize the surface coat proteins, especially those that are not anchored in
the gembrane, A similar treatment is ot necessary to detect anti-gpl95
binding to the merozoite surface,

The domain of glycophorin to which GBP 130 binds has been investigated
with specific tryptic fragments. Tl (residuss 1 to 39 of glycophorin) contains
the majority of the oligossccharides, and it inhibited binding of GBF to the
glycophorin column, T3 (residues 40 to 61) and TS showed some inhibition,
whereas T6 (the tragsmembrane domain) had no effect, Sialic acid, fetuin and
N-acetyl glucosamine did pot inhibit binding. GBP also bound to TI peptide
coupled to a solid support, and a high concentration of fetuin on the beads
also resulted in weak binding,

To investigate the contributiom of the sialic acid side chains on the
O-linked tetrasaccharides, T1 fragment was treated with influenza
neuraminidase, which cleaves two to three sialic acid linkages, or with Vibrio
cholera neuraminidase, which cleaves two to six linkages. The desialated
peptide and the fully deglycosylated peptide did not compete in the GBP-binding
assay. It is possible that the cluster of O-linked carbohydrate chains forms
the high-affinity binding site.

In the FC-27 strain, the Tl fragment does not completely inhibit the
binding of the 220K S-antigen, suggesting that there may be different binding
gpecificities of these wmolecules, All strains dependent on sialic =zcid had
the 155K S-antigen and showed 1-7% invasion into neuraminidase-treated cells,
whereas, with one exception, those that could partially invade peuraminidasze-
treated cells (30384 invasion) had the high-molecular-weight S-amtigen. In
isclates whera the S-antigen 1s the 155K species, the binding of the GBPs
appears to be fully dependent on the presence of sialie agecid residues at the
N-terminal end of glycophorin. In other isolates where the S-antigen is
approximately 220K, this dependency on sislic acid is only partial, These
results suggest that an S-antigen/GBP 130 complex may be involved in red—cell
binding. Despite the antigenic variation shown by the repetitive sequence of
the S-antigen, there may be functionally conserved regions invelved jin this
oinding. Perhaps the two different groups of S—antigen medlate binding to
different teceptors on the red cell.

In primary isclates, S-antigens that have the FC-27 serotype all have
apparent wolecular weights of 200 to 220K, whereas those that have the NF7
serotype vary widely in size. Although the repeats are different, so too is
the N-terminal sequence (70-75% homology between different straims). At the
C-terminal e¢nd of the NF7 rapeat, there are 2 x 15 amino acid repeats, which
have now been found in some other S-antigens (including Kl from Thailand), and
antibodies to this repeat are relatively common.

4.4.2 Erythroeyte-binding autigen

Te identify parasite molecules that w@ay be involved in initial
recognition, iIntact erythrocytes have been used as affinity substrates. This
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approach has the advantage of maintaining erythrocyte ligands in their natural
gnvironment with their native configuration. Erythrocyte-binding antigens
(EBASs) were investigated by incubatiom of supernatants from parasite cultures
{labelled with 3H—isoleucine) with erythrocytes {(Camus & Hadley, 1985},
Four antigens of 175, 120, 65 and 46K were Identified, which bound to human
erythrocytes, No direct relationship between EBAs and GBPs could be
established. The EBBAs were investigated using erythrocytes from animale
gusceptible or resigtant to invasfion and human erythrocytes naturally
resistant to invasion (Cad or Tn cells) or resistant to invasien afrer
enzymatic treatmeni {trypsin, neuraminldase). 4 correlation was observed
between the binding of the 175K antigen to erythrocytes and the susceptibility

of ¢ells to invasion by merogoites. Such a correlaticn was not aobserved for
the 120, 63 and 46K antigens. The 175K EBA was also able to bind to
merozoites, which suggested that this antigen could be used by the parasite to
bind to erythrocytes.

Studies of the susceptibility of EBA—coated erythrocytes to parasite
invasion suggested that there is a straln specificity for the EbA and that
meroxoiles need the EBA of the homologous strain te invade erythrocytes.

When the 175K antigen was eluted from EBA-coated cells, it was able to
rebind to erythrocytes, suggesting that its binding is specific for a membrane
ligand. When human immune sera containing anti-EBA antibodies were incubated
with EBA-coated erythrocytes, the EBA-antibody complexes were shed from the
ervthrocyte surface, {f a similar wmechanism occurs in vive, the antlibodies
could eliminate the EBA bound to the erythrocyte, leaving the surface ligand
free and accessible for another EBA.

4.5 Astipeas of the Paragitophorous Vacuole/Merozoite Surface

Gomparison of antibody resgents revealed that schizont polypeptides
estimated at either 113, 120, 126 or 140K in different laborateries were
identical (see Table 1). This protein is assoclated with schizonts, probably
in the parasitophorous vacuole, and is released in large amounts at the end of
schizogony. The protein ¢an be isclated on the merozolte surface in immune
complexey, or by glutaraldehyde fixatiom. A second unique protein, plOl,
appeats to have a similar location.

The 140K protein has been purified and used to immunize squirrel monkeys
which were challenged with parasites from a heterolegous strain (Perrin et al,
1984), All control monkeys had high parasitaemjas by day 10 and mest had to
be treated, whereas the immunized animals showed only transient, low-level
parasitaemias. '

When P. falelparum paragites are cultured with certaln immune &era,
merozoites are agglutinated by antibodies to form clusters within which some
normally scluble antigens accumulate in relatively ingoluble immune complexes,
MABs reacting with several of these auntigens have been produced, including MAB
35, which recognizes a 10LK antigen (pl0l), and MAB 583, which recognizes a
113K antipgen (pll3). Both MABs gave a grape-like pattern of rimmed
fluorescence around merozoltes contained within mature schizonts, and the
antigen recogaized by MAB 3D5 was localized to the surface of Jipdividual
merozolles, Both MABs precipitated antigens that were synthegized by mature
trophozoites and young schizonts and that appeared im the culture medium when
schizont rupture occurred.

MAS 305 reacted in immuneblets with a 101K  antigen from three
P, falciparum strains tested. The electrophoretic mobility of pl0l was
%imllar whether $DS-PAGE was performed under reducing oOT non—reducing
conditions. With some antigen preparations, an additiomal 92K parasite antigen
was recopnized.
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MAER 5E3 reacted in immunoblots with a 113K antigen from three P.
falciparum strains tested under both reducing and non-reducing conditions; an
additional 100K antigen was detected when antigens were electrophoresed under
non—reducing conditions. Prolonged exposure of immunoprecipitation gels
showed that, in addition, small amounts of 100, 70 and 50K parasite antigens
were also precipitated by MAB 5E3.

A P, falelparum genomic DNA expression library was prepared in Agtll
and screened with immune monkey serum. Antibodies affinity-purified from the
immune serum with the proteln expressed by one of the clones reacted with
pl0l. This clone contained a 3100 bp iasert, beginning with an open reading
frame of approximately 1200 bp that was In—frame with B-galactosidase,

Three clones expressing pll3 were identified with immune rabbit serum
RSB10. Antibodies selected from these expression proteins reacted strongly
with pll3 and weakly with 80 and 50K P. falciparum antigens, Each.of these
three c¢lones contained a 400 bp insert. One clone was sequenced and had an
apen reading frame that was in—frame with PF-galactosidase and contained 27
consecutive codons for serine.

Logical candidates to atudy in the search for a vaccine agalnst the
erythrocytic stages of malaria include antigens such as these, which are
accessible at the parasite surface and which react with antibodies in immune
setum that inhibit parasite Invasion.

4.6 Rhoptry Antigens

A number of polypeptides of differing size are associated with the
rhoptry organelles of merozoites., These proteins are synthesized by schizonts,
but may be detectable in ring-stage parasites. Protection of squirrel monkeys
with one rhoptry protein preparation hasz heen described,

4.6.1 A 230K antigen

A 230K protein was identified by a MAB that was produced by immunization
of mice with antigen from culture superaatants. The 230K molecule isg
synthesized during schizogony and within 30 minutes processed to a 215K
spacies, This antigen was identified at the neck of the rhoptry organelles by
immunoelectron microscopy {IEM) using this MAE (Holder et al, 1985).

4,6.2 A 140K antigen

A 140K protein has been located in the rhoptries by immunogold electron
microscopy. A 153K doublet (not related to RESA/Pf155, as judmed by lack of
reaction with a Pf£l155-specific MAB) coprecipitates with this protein and may
be noncovalently associated within the parasite; no structural homology was
found between these proteins. On Western blots of non—reduced gels, the 140K
protein migrated as a 130K species, and a ladder of lower mobility species was
observed with the purified protein preparation, implicating the presence of
cystine residues in the structure of the protein.

4,6.3 A 77-82K antigen

This protein has been identified by MABs, together with 76 and 66/63K
fragments that may be proteolytic cleavage products., A polypeptide of 37 to
42K appears to coprecipitate with this molecule from detergent extracts, but
there is =no evidence £0 support a primary structural relationship., MABs
against this protein recognize conserved and variable epitopes, and in vitre
inhibition with two of these MABs has béen reported.
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4.6.4 40-42K antigens

it is possible that there may be two polypeptides of this size localized
in the rhoptries and synthesized at the end of schizogony, MABs either react
with a 41K polypeptide alone or with a 41K polypeptide and a coprecipitated
BIZK antigen.

Two preparations of the 41K protein have been used to Immunize squirrel
monkeys (Perrim et al, 1983). One was purified by affinity chromatography
from an NP40 extract of S5GE? schizonts (native antigen), and a second was
purified by affinity chromatography followed by electroelution from SUS-PAGE
gels (denatured antigen containing at least 0.1% BD3), Using micro-ELISA
asgays, it was found that both groups of monkeys had similar antibedy titres
against the native antigen, but the monkeys Immunized with the denatured
antigen reacted 20 times better than monkeys JAmmunized with the native
antigen. On the other hand, the degree of protection against challenge
infection observed in wmonkeys jmmunized with the native antigen was mutch
higher than that observed in monkeys iomunized with the denatured antigen,
indicating that the native structure of the Iumunizing molecule 1s an
important factor in the f{nduction of a protective antimalaria immune responze.

4.7 Cytoadherence and Proteing Interacting with the Tofected Erythrocyte
Membrane

4.7.1 P. falciparum erythrocyte membrane protein 1 (PEEMP 1)

The properties of this protein are fully consistent with its role as the
cytoadnerent wuwoiety for P. falciearumninfected cells, PEEMP 1 1z a malarial
protein ranging in apparent wolecular weight from 250 to 300k in different
isolates (Leech et al, 1984). It is a cell surface protein which has been
identified on the surface of K+B+ infected erythrocytes and not on K- cells
(Aley at al, 1984}, These properties are consistent with the anticipated
expression of the cytoadherent moiety. PEEMP 1 has been demonstrated on the
gurface of Aotus erythrocytes, human erythrocytes containing in vitroe culture=
adapted parasites, and human erythrecytes taken from Gambian patients and
cultured for about 24 hours in vitre (Aley et al, 1986).

PFfEMP 1 is not solubilized from Aotus-infected erythrocytes by non-iomic
detergents in isotonic solution. It is solubilized by treatment with 1-2%
505, which also disrupts the host erythrocyte membrane skeleton. It has been
suggested that PEEMP 1 {s attacned to the submembrane skeleton of the host
cell. Tt has been inferred that PEEMP 1 is expressed at the cell surface only
at knobs., Polyspecific human or wonkey antisera from hyperimmune hosts only
resact at the cell surface at knobs when tested by IEM,

When 1237-labelled intact infected cells are treated with low levels
of trypsin, cleavage of L23I-PEEMP 1 occurs in parallel with loss of
cytoadherent capacity, indicating that PEEMP 1 is either the cytoadherent
moiety ok intimately associated with the functional molety. Under the
conditions of trypsin treatment used, there 1§ no apparent cleavage of other
L1251-1abelled proteins.

PEEMP 1 i5 antigenically diverse. The antigenically diverse epitope(s)
ou PEEMP 1 is expressed on the external surface of intact infected cells.
Antisera from Aotus monkeys infected with a single isolate react with PEEMP 1
only from the nomologous isolate. Complexes of specific Aotus antibody and
PEEMP | can be extracted from Intact cells with 1% Tritonm X-100, whereas this
detergent does not extract PEEMP 1 alome, suggesting that binding of antibody
to PEEMP 1 wmay perturb its anchoring to the membrane skeleton.

The capacity of Aptus antisera Co react with PFEMP 1 on intact cells
coincides with its capacity te block or reverse cytoadherence. Thus, antigerum
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which blocks cytoadherence of FVO strain alene will reagct with PFEMP 1 of FVO
but not with that of other isclates, Antisera which blocked ¢ytoadherence of
multiple strains (from hyperimmune animals) reacted with the PEEMP 1 of
multiple strains., Antisera from infected humans in diverse geographic regions
spacifically blocked cytoadharence of a single isolate or a limited subset of
igolates. It was concluded that antibody bimding to the antigenically diverse
epitope(s) on PEfEMP 1 blocked cytoadherence, However, the possibility that a
separate molecule close to PEEMP 1 has the cytoadherent function and that it
is blocked by strain—specific antibody against PEEMP 1 cannot be excluded,

4.7.2 B, falciparum erythrocfte membrane protein 2 (PFEMP 2)

PEEMP 2 is a malarial protein of about 300K as measured on an SDS-PAGE
gel wndet reducing conditions. It is size variant, ranging in apparent
molecular weight from 280 to 400K in different isolates, migrating as a sharp
band, Although these properties are very similar to those of PEEMP I, PIEMP 2
is uniquely distinguished by reaction with two mouse monoclonal antibodies
(MAB 887.4 and 4H9,1).

Like PEfEMP 1, PEEMP 2 is not extracted by non—iounic detergents in
isotonic golution. PIEMP 2 is only extracted under conditions which solubilize
the host erythrocyte membrane skeleton, suggesting that it is attached to the
wembrane skeleton.

To date, all isclates of P, falciparum tested, whether from Aotus or
Gambian patients, react strongly with MAB 8B7.4, whereas not all isclates react
with MAR 4H9.1. These differences are seen by both IFA and immunoprecipitation
of biosyntherically radiclabelled malarial proteins.,” Thus, FPLEMF 2 bears an
antigenically conserved structure (defined by MAR 8B7.4) and may be either
antigenically diverse or show deletion of soue epitope(s) in various parasites
(defined by MAB 4H9.1). These MABs give the same IFA pattern, reacting with
the parasite c¢ytoplasm, the parssitophorous vacuole membrane and/or paracite
plasma wembrane and with spherical granules within the erythrocyte cytoplasm,
and showing reactivity over the host erythrocyte membrane,

PfEMP 2 is not expressed on the cell surface. It was idenrified by 1IEM
a5 a4 submembrane component of the electron-dense material at knobs} it was
found in electron—dense spheres and membrane whorls in the host erythrocyte
cytoplasm and in assoclation with the parasitophorous vacuole membrane and
parasite c¢ytoplasm.

PEEMP 2 is a major product of parasite protein synthesis, It is first
synthesized by early trophozoites and accumulates rapidly thereafter, It is
expressed under the erythrocyte membrane up to the stage of infected—cell
Yupture and merozoite release. The size of PEEMP 2 does not change during the
intracellular growth of the ssexual parasite.

The function of PEEMP 2 is unkpnown. Its submembrane locatien precludes
a direct role in the cytoadherence property., Since it is associated with the
¢lectron-dense material under knobs, it may play a role ia knob structure
and/or function. Knobs may exert functions other than eytoadherence:
F. malarise-infected c¢ells bear knobs and associated electron—dense material
but do not ¢ytoadhere,

4.7.3 P, falciparum knob-associated histidine-rich protein (KAHRP/PfHRP 1)

This histidine-rich protein (HKP) has also been called FPfHRP 1 to
distinguish 1t from two other HRPs also expressed hy asexual P, falciEarum
parasites, PEHRP 2 and 3 (Kilejian, 1979; Hadley et al, 1983: Vernot-
Hernandez & Heidrich, 1984, 1985). KAHRP/PfHRP 1 constitutes part of the
electron-dense material under knobs (leech et al, 1984). With K+ parasites,
KAHRP/PfHRP 1 is labellad strongly by uptake of tadicactive-hiatidine, but
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only poorly or not at all by other amino acids., Rabbit antisera and MABs Lo
the P. lophurge HRP, 72% of which is histidine, crossreact with KAHRP/PEHRP 1
(Kiieiian, 1983; Kilejian & Bosenbaum, 1985).

KAHRP/PEHRF 1 migtates as a broad band with an apparent molecular weighi
of 80 to 120K in different K+ isclates, It reacts specifically with a mouse
IxC MAR (MAB 89) by both iomunoprecipitation and Western blotting., A rabbit
anliserum raised against KAHRP/PEHRP 1 cut from a preparative gel reacted
gpecifically with this protein on Western blots, but also with PEHRP 2 on
fmmunoprecipitation. MAR 89 reacted ouly with K+ parasites by IFA on methanol
or acetone-fixed cells, giving a granular pattern of reactivity with spherical
granules both in the host cell cytoplasm and in association with the
erythrocyte membrane, HMAB 89 did nmot react by IFA with intacrt, non=~fixed K+
erythrocytes, nor did it react with the cell surface by IEM, MAB 89 and
rabhit anti-KAHKP/PEHRP 1 had no effect on c¢cytoadherence.

KAHRP/PEfHRF 1 was identified by IEM as a submewmbrane component at Knobs
and as a constituent of electron-dense spheres inm the host erythrocyle
cytoplasm, and shown to be attached to both the parasitophorous vacuole
membrane and parasite plasma membrane, IEM of saponin-treated K+ cells showed
KAHRP/PfHEP 1 to constitute part of the electron~dense material under knobs.

KAHKRP/PfHRP 1 is expressed by all K+ P, falciparum iselates or clones
examined to date, regardless of cytoadherence phenotype. Since K- parasites
also express KAMRP/PEHRP 1, and the immunofluorescence patiern was identical
to that of K+Hi+ parasites, it can be infarred that this protein alone dees not
confer cytoadherence, Although KAMKP/PEHRP 1 iz a component of knobs, Like
PIEMP 2 it appears not to be accessible to the cell gurface and lts expression
at the erythrocyte membrane does not correlate with expression of the cyto-
adherence function. It may play an indivect role in mediating cytoadherence.

4.8 Transferein Receptors

The Plasmodium parasite has a reguirement for iron. lethal P, vincked
infection is suppressed by desfercioximine in vive, and P. faleciparum is
inhibited in vitre by addition of this compound (Pollack & Fleming, 1984)., 1In
addirion, certain individuals in endemic areas undetrgoling iron replacement
therapy become parasitaemic. Two recent studles suggest that the parasite c¢an
synthesize its own transferrin receptor to supply its iron needs, However,
the size cstimates for the molecule differ and it will be important to confirm
that the same species hag been identified.

In ome study, fluorescein isothiocyanate (FITC)-labelled ferrotrans-
ferrin was added to cultures of P. falciparum and its uprtake by parasitized
cells was examined at five-minute intervals by fluorescence microscopy
(Rodriguez & Jungery, 1986). Initially, patasitized cells had =& faint
peripheral staining and with time this appeared te be locallized in large
vegicles, possibly wmoving towards the pavasite, finally accumulating arocund
the parasite. Transferrin, but not apotransferrin, was specifically bound,
and unlabelled transferrin could compete with the FITC-labelled transferrin.
Using cells fixed in 10% methanol in acetone and Rheodamine-—conjugated rabbit
anti—human ftransferrin, a pattern of vesicles and accumslation in the parasite
were observed,

To 1dent1£§ the parasite encoded molecules invelved In this process,
extracts of J?S-methionine-labelled parasites were wixed with 1251~
labelled transferrin, electrophoresed on aa S5DS-PAGE gel and compared to
similar extracts in the absence of added transferrin., A band with an apparent
molecular weight of 200K was observed, which was probably a complex of
parasite protein and ctransferrin that was not denatured by $D5. The same band
could be detected by Western blotting with anti-—transferrin antibody, and it
was not present in extracts of uninfected etrythrocytes. Using transferrin
covalently coupled to Sepharose 4B, a 93K parasite protein was still bound fo
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the column after washing. Oun blots of total parasite proteins fractionated on
SDS-PAGE gels and probed with transferrin, binding in the region of 200, 93
and 46K was observed.

Results of a second study (Baldar et al, 1986) indicate that a protein
of 102K, synthesized by the intracellular parasite and ingerted into the
erythrocyte membrane of mature infected cells, 15 a receptor for serum
ferrotransierrin. schizont-infected erythrocyte membranes of the Gambian
clone FCR-3/A2 isoclated on Affigel 731 beads conkain a parasite protein of
102K. FPolyclonal antisera to the S5DS-PAGE-purified 102K protein were raised
in rabbirs. At physiological pl, antibody-purified protein bound human
ferrotransferrin but not apotransferrin, Conversely, antibody teo human
transferrin was used to purify the ferrotransferrin receptor complex from
infected celilsg, The isolated receptor was specifically recognized by
polyclonal rabbit antisera to the 102K molecule. A smaller radiolahelled
fragment of 45K was sometimes detected in antibody—purified preparations of
rhe receptor and is probably due to limited proteolysis of the 102K
polvpeptide, The plasmodial receptor has approximately the same molecular
waight as 1its human counkterpart when analysed by SDS—-PAGE under reducing
conditions, However, under non—reducing conditiens the human receptor appears
to be a dimer of 200K, whilst the wmobility of the parasite receptor is
unchanged, Preliminary studies indicate 60 Q00-100 000 parasite transferrin
receptors per ¢ell, with a aingle high—affinity binding site for human
ferrotransferrin, The membrane-bound receptor is acylated, which may be
important for its association with the erythrocyte sembrane and its regulation
in the infected cell,

4,9  Antigens ldeatified with Immune Sera

In S5aiwmiri monkeys, protective antibody can be demonstrated by passive
transfer of IgG from immune donors Lo naive animals which are then protected
against a challepge with I x 108 infected red blood cells. There was no
correlation between protective effects in vive and inhilbition in vitro, and
therefore these antlbodles are not neutralizing. The intact antibody was
required for protection (Fab fragments were not effective), and perhaps
phagocytosis or antibody—dependent cytotoxicity mechanigsms are iavolved,
Comparative studies using protective and nonprotective antibedy preparations
suggested that the recognition of proteins of 41, 71/72, 76/82, 956/100 and
{possibly) 140K correlated with protection, whereas no such correlation was
established with recognition of 195, 125 or 110K proteins. When used to
immunize squirrel monkeys, the 71/72 and 90K polypeptides were found to be
immuneogenic, but little reaction to the 76K species could be detected (Dubois
et al, 1984), Four to seven days after challenge, the titre increased four-—
fold and all the animals were protected. '

More recently, rhe humoral response of humans from hyperendemic ateas of
West Africa has been analysed. A correlation was observed between levels of
antibodies reacting with p72 and p% and the time of exposure to malaria
infection. The 96K protein, which may be thar identified previously, is
resistant to boiling and is recognized by protected monkey sera and by wmore
than 90% of human sera from endemic areas of Africa.

Using MABs and monogspeciflic sera, polypeptides have been characterized
with regard te their electrophoretic mobilities, isoelectric points, time of
synthesis in the parasite life cycle and c¢ellular location, A 72K protein,
two 90K protelns and many 96K proteins were recognized, One 90K protein
(pI=6.1) and a 72K protein were recognized by vaccinated monkeys. Only the
72K protein appears to be present Iln ring stages, and the 72 and 90K antipgens
are wmajor products din trophozoites, The 42, 72, 76 and 96K antigens are
present in early schizonts, and the 41, 71, 76 and 96K speciles are detected ia
late schizonts.
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Clones coding for parts of the 71 and 72K proteins were detected in a
Agtll library and confirmed by affinity purification of antibodles on the
fusion proteins. No clones for the 90K protein could be iseolated from the
genomic library, but a ¢DNA clone in plCY was obtained for this protein.

A DNA clone, 11.1, appears to code for a 260K protein and this may be
the precursor to the 96K protein, - This protein contains FLhe sequence
(EEVVEEVVE) 4 (Koenen et al, 1984). 4Antibodies to a synthetic peptide based
on this sequence reacted with 260, 96 asnd 48K polypeptides on immuneblots.
This tusion protein has been used to immuaize wmonkeys, bub no protection was
observed. Although the animals had good antibody titres by ELISA against the
synthetic (EEVVEEVVP)s peptide, the IFA titres were very low, After
challenge, the IFA titre increased (fivefold), but thege results suggest Lhal
the antibodies did not recognize the native protein, and it will be necesary
to identify the important epltopes.

2. CRUSSREACTIONS AMONG ANTIGENS OF P. FALCIPARUM

Many protein antigens of F. falciparum contaln short sequences that are
repeated in tandem arrays., Kecently, it has become clear that the naturally
immunogenic epitopes encoded by these repeats are invelved in extensive
networks of crossreactivities. These crossreactions, which are both
intramolecular and intermolecular, invelve & large number of the antigens of
P. faleiparum that have been characterized to date, including RESA/PL1535, the
major merozolte surface glycoprotein and the C5 protein ~- all antigens shown
to have potential as vaccine compounents. The various levels of crogssreactivity
found with some of these antigens are listed in Table Z.

TagLik 2., LEVELS OF CROSSREACTIVITY AMONG P. FALCI PARUM ANTILIGENS

LEVELS OF CROSSREACTIVITY ANTIGENS INVOLVED*
Between different epitopes within CS proteins, S—antigens
one block of repeats KESA/PEL155, FIRA
Hetween epitopes within different RESA/PEL55, FIRA
blocks of repeats ip the one antigen
Between repeéts in different asaxual RESA and FIRA, ditfferent HRPs,
antigens different asparagine—rich proteins
between repeats in antigens of CS protein and circumsporozolte
different life—cycle stages protein—related antigen (CRA)
Between repearts in the eguivalent S-antigens, the major merozoite
antigen in different surface antigen

P, falciparum strains

Between repeats in antigens of REBA/PE155, hsp70
different species of Plasmodium
or other species

#A single epitope may Be involved in crossreactivities at several levels.
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The most extensive network of crossreactions that has beea defined
involves the RESA/P£1535 molecule. Intramolecular ¢rossreactions within the 3°
repeats or between 3' and 5' repeat sequences have been defined with monoclonal
antibedies and with antibodies raised against, or affinity-purified on,
KESA/Pf155 fugion polypeptides, For example, some MABs raised against the
Ag28 protein (which includes RESA/P£155 3' repeat sequences) only react with
the 4 x 4-mer (EENV),, others alse react with the 37 S-mer (EENVEHDA) and
yet others Treact with the 3" ll-mer. Intermolecular crossreactions between
RESA/Pf155 and several other antigens have been reported. One of these
crossreacting antigens 1s the falciparum interspersed repeat antigen (FIRA),
which Bhas a very c¢omplex repeat structure based on many related hexameric
sequences, Another molecule of 210K which creossreacts with RESA/PF155 wag
identified on immunoblots with antisera to RESA/Pf155-fusion polypeptides.
Interestiagly, although no variation in RESA/PFf155 epitopes has bean observed
amongst different iselates of P, falciparum, a crossreacting epitope 1s found
in the 210K antigen of isolate FCO-27/PNG but not in the Vietnamese isolate
Vi. The RESA/P£1535 uetwork of crossreacting antigens includes RESA/PE155,
FIRA, CARP, Pf1l.1 and 332, A histidine-rich protein network includes the
gmall histidine and alanine-rich protein (SHARP, HRP 3) and HRP 2 (some cloned
parasires do not express HRF 2); anti-5SHARP antibodies react with HRP 2 but
not with KAHRP/HRP }. Another set of crossreactions involves agparagine=rich
proteins. Affinity-puvified antibodies to the repetitive sequence i1a gpl93
from FCQ-27 recognize ABRA (acidic—basic repeat antigen), a schizont protein
that 1is conserved in at 1least four different strains, but these same
antibedies do not crossreact with the alternative repeats in gpl95 from other
strains, '

The crossreactions are not restricted to Plasmodium antigens. One
antigen-expressing Agtll-Amp3 clone corresponds to a protein having sequence
hemology with heat-shock protein (hsp) 70. Antibodies to this proftein cross—
react with hsp70 of other protozoa.

A recombinant clone, clone 332, encoding = P, falciparum anktigen which
seems fo be associated with wmembranes of infected red blood cells, has been
described, Antibodies from a pool of human immune sera affinity-pyrified on
the 332 fusion protein reacted in immunoblots with a series of parasite
pelypeptides of 260, 215, 205, 153, 96/92 and 48K. The same polypeptides were
recognlized by antibodies immunopurified om the fusion proteins produced by two
octher recombinant c¢lones coding for antigens 11.1 and RESA/PL155, The
presence of common epitopes in these antigens was confirmed by the use of two
MABs, MAB 33G2 and MAB 9 BL1/15, Both reacted with the recombinant antigens
produced by eclones 11.1, 332 or RESA/Pf155, and MAB 33G2 reacted with synthetic
peptides based on the repetitive sequences. Comparison of the amino aecid
gequences (Table 3) suggests a possible structural basis of the crogg—
reactivity: the antigens of this family are rich in acidic residues and
contain several regularly spaced Glu-Glu dipeptides.

TABLE 3. PARTIAL AMINO ACID SEQUENCES OF FOUR RECOMBINANT CLONES

CLONE ' PARTIAL SEQUENCE
333 ESVIEEIAEEDK
5 VIEEAVEK QG
SVTEEIVEKEE
332 ES VIEE IAEEDK,
RESA EENVEHDA
KENVEENV
11.1 EEVVEEVVP

L I
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Two other parasite genes were identified from a second F. falciparum
genomic DNA library comstructed in  Agtll. of 200 clones examined, &0
imounoselected antibodies that recognized a seties of polypeptides. Sero-—
logical and DNA hybridization classification suggested that many of these 60
were of the ll.1 type:; eight clones were of the RESA/P£1535 type, while 332
and H102 appeared to be unique, At leasr five genes contribute fo this
family: partners for 18 other genes have not been ideatified so far.

The bioclogical significance of rhe repeat structures and the cross-
reacting antigenic epitopes they encode, is not understood, The vaccine trial
of #ESA/Pf155 In Antus indicates (as do studies on the C5 protein) that repeat
epitopes may be targets of protective immune response. However, the prevalence
of aatibodies to many repeat epitopes is inconsistent with all repeat epltopes
being targets of protective responses, and it appears prebable that the nerwork
of crossreactivities underlies an evasion mechanisn, 1t has been suggested
rhat this may occur as a result of failure of the normal wmaturation of high-—
atfinity antibody responses, a process that depends upon antigen selection of
B lymphocytes sustaining somatic mutations in thelr anrtigen receptors. The
presence of many crossvescting eplitopes {many structural analogues) may <C¢ause
the persistence of an abnormally high percentage of mutated B cells, resulting
in large amounts of low-affinity antibody and delayed emergemce of high-
affinity antibodies.

MAB 5.1 is a crossreacting antibody that ddentifies a blopd—stage
antigen (CRA) and reacts with glutaraldehyde-fixed sporozoltes (Hope et al,
1984), Sipce many immune sera from endemic areas (e.g., The Gambia) react
with sporozoites, ir 1s iwmportant to determine whether the ¢rossreacting
blood—stage antigen Induces antiboedies teo sporozoites. Anti-CS proteln
antibody levels may reflect the rate of transmission in endemic areas, butk
gsuch analysis would be complicated if blood stages alse induced these
antibodies., MAB 5.1 reacts with the sporozoite CS protein and with a 23K
blood-stage antigen that contzins one clement of the C§ repeat (NANP) and an
ad jacent repion rich in aspsragine, proline and alanine. MAB 5.1 binds to a
22-regidue peptide based on the 23K protein sequence and also binds to
{NANP)3. The binding of hyperimmune sera (obtained in The Gambia) t¢ these
sequences. was investigated, 984 of sera contained antibodies agaimst
blood-stayge parasites, 804 had antibodies against the G5 proteln and reacted
with (NANP)3, but only 5% of these sera reacted with the 23K 22-mer.
Preabsorption studies with the 22-mer had no effect, whereas (NANF)3
abolished binding to the C& peptlide, In & study of four Gambian sera,
(NANP)3 did not remove reactivity with the 22-mer, nor did the 22-mer remove
reactivity with (NANP)3. Serum from a volunteer immunized wirh irradiated
sporvoroites only reacted with {NANP)3 and these antibodles could be almost
totally absorbed by this peptide, but not at all by the 2Z-mer.

0 ASEXUAL-STAGE ANTIGENS OF P. VIVAX

P, vivax—infected c¢ells from patients' blood have been used to prepare
monospecific immune reagents against antigens of the asexual blood stage
(K.N. Mendis and P.H, David, unpublished results). A collection of 34 MABs
reagting on Western blots with parasite cooponents of different meolecular
welght were grouped into six categories according to their pattern of IFA
reactivity with ajir=dried Intraerythrocyric parasites, as follows:

Type I - tine dots distributed evenly over the entire infected erythrocyre,
giving a speckled appearance. S5ix of the seven MABs in this group
rescted with a series of antigens of different size. They did not
react with gametocytes or with P, falciparum or P. cynomolgi.

Type 11 - coarse dots superimposed on a fine speckled background. This could
be a derivative of Type I because some MAHs produce either a Type 1
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or Type Il staining, depending on the isolate. There were eight
MABs in this group.

Type 111 — a coarse irrvegular fragmented pattern or a uniform staining of the
patrasite. Twe of the five MAHes in this group reacted with
gametocytes, and one of these also reacted with P, falciparum and

P. eynomolgd,

Type IV ~ generalized low-intensity staining of the parasite. Two of the ten
MABs in this group also reacted with P. falciparum and P, cynomolgi.

Type V - an intense staimning around the perimeter of individual merozoltes
within developing schizonts., One of the three MABs in this group
recognized a 200K protein.

Type VI - distinet dots, similar to the staining pattern which in F.
falciparum is attributed to rhoptry antigens. There was only one
MAB in this category.

Twenty of these MABs were used to screen by IFA 50 different parasite
isolates from wvarious geographic regions in Sri Lanka, Although six MABs
recognized antigens comserved inm all isolates, wmany of the other MABs revealed
a high degree of antigenic polymorphism.

Antigen(s) located on the surface of schizont—infected erythrocytes of
P. vivax were detected with human immune serum in an IFA assay using unfized
infected earythrocytes in suspension. Thirteen isolates from patients with
acute infections were screened with sera from acute infections or rabbit
polyeclonal  antiserum. Some, but not all, isolates showed an  antigen
detectable on the schizont surface. The reactivity of heterologous husan
immune sera indicated that these surface antigens are also polymorphic.

A P, vivax genomic DNA expression library was constructed in Jgrll
using DNA isolated from the Belem straln of parasites in the sgquirrel wonkey.
Immune screening was performed with monkey immune serum and MAbs, This led to
the dsolation of P. vivex asutigen—expressing clonmes on  which specific
antibodies could be purified from hyperimmune monkey serum, HKeaction of these
antibodies with Western blets of different strains of P. vivax confirmed the
existence of antigenic polymorphism.

Screening of the library was performed with a MAB that recognized a 200K
polypeptide of P. vivax., This antibody produced a grape-like pattern of
{impunofluorescence with segmenters, evocative of the pattern obtained with the
195K P. faleiparum schizont/merozoite antigen, One strongly reactive clone
produced a large fusiou proteln on which monospecific anti-Z0OK antibedy could
be immuncpurified from hyperimmune anti~F., vivax monkey serum.

7. OFTIMIZATION OF IMMUNOGENICITY

7.1 T-call Respouses in the Context of Malaria Vaccines

While B lymphocytes secrete immunoglobulins which are the primcipal
effector molecules of humoral immupity, T lymphocytes have major effector
functions in aptibody~independent cell-mediated immunity (OMI). T cells also
have an important regulatery role, which inecludes positive or negative
regulation of antibody prodection by B cells. Thus, the induction of an
efficient and long—lasting antibody response againgt malaria-derived
pelypeptides is a T-cell-dependent process. '

To achieve efficlent T—-cell activation, the use of an intact plasmodial
polypeptide would appear desirable, as it may be expected to contain a
sufficient number of T-cell sites to circumvent genetic MHC-restriction.
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However, the intact proteing may also Induce suppression or give rise to
nenprotective antlbodies. These negative effects may be avoided by using
synthetic oligopeptides of known B—cell reactivity and coupled te a carrier
protein (e.g., tetanus toxoid) or, alternatively, by using a fusion protein
containing relevant plasmodial epitopes. However, in cases where the T-cell
reactive atructures are part of the foreign protein, boosting of the
vaccine~induced immune response by subsequent natural infection may net take
place,

What are the structural constraints required to confer T-cell reactivity
to an oligopeptide? Available evidence indicates that there are ne particular
constraints with regard to length. The ainimal size for efficient T=cell
Activation seems Lo be approximately ten amino acids, similar to the require-
went for effi¢lent peptide-antibody interaction.  ILikewise, the chemical
properties required for specific interaction of a peptide with the T-cell
receptor (e.g., hydeophilicifty, charge) appear to be the zame as those of the
B-cell epitopes. S5Studies of T=¢cell reactivity of soluble globular proteins
have shown that a T=gell reactive site should contsin beth hydrophilic and
hydrophobic structures, preferencially in an  amphipathic alpha~heélical
conformation. It was supgested that the hydrophilic face of such a pepride
was necessary for interaction with the T-cell receptor, while the hydrophobic
face would be required for interaction with the lipid membrane of the antigen—
presenting cell and/or the presenting MHEC=class 1Y molecule, There is evidence
that certain amphipathic alpha—helical sequences contained in the C-terminal
repeat region of KRESA/PELS5 from P, falciparum wmerczoites may be good
gtimulators of T cells from some (but not all) RESA/Pf155 seropositive human
donors. However, it should be emphasized that structural properties other
than amphipathi¢lty may also confer T-—cell reactivity to an oligopeptide
{e.5., sequential acrangement of hydrophobic and hydrophilic repions, strong
positive charge as in polylysine, etc.).

For the design of efficient malaria vaccines, the various candidate
polypeptides should be screeaned for both B-cell and T-cell reactive epitopes.
several gproups have recently produced buman T-—cell clones which specifically
respond to various P, falciparum aantigens in an MHC-class Il restricted manner.
Such clones and the corresponding T-cell hybridomas may socon become as
important for characterization and screening of plasmodial antigens as are
MABs at the present time.

7.2 Genetic Gontrol of the Immune Response to F5V-1 and the {ircumsporozoite
{C5) Proteln

Different H-2 congenle mice were immunized with synthetic peptide or the
vrecombinant P. falciparum sgporozoite vaccine currently being used in human
vaccination trials {(Good et al, 1986). Uply mice carrying the 1-Ab  gene
responded to the 24-mer (NANP)g. When using the whole vaccine molecule,
R32tet32, two of geven other mouge strains responded with antibeody formation
and T=-cell proliteration in vitro, suggesting that this molecule containg
additional T=gell sites. Vaccination of mice with a recombinant vaceinla virus
containing rhe entire P. falciparum C5 gene gave an anti-C3 response in several
other mouse strains, suggesting the presence of additional T-cell activating
sites in rthe (5 molecule outside the repeat regleon. Ir was concluded that a
vaccine should contain, in addition to B—cell epitopes, several T—cell epltopes
to ensure a reaponse in the wmajority of vaccinated subjects. Moreover, Lo
give a proper anamnestic response, these structures should originate from the
same natural parasite protein and be covalently linked.

g. EXPRESS ION OF MALARIA ANTIGEN GENES IN VACCIN1A VIRUS

The recent development of techniques for the insertion of foreign genes
into the penome of vaccinia under the contrel of vaccinia promoter sequences
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has facilitated the expression of a number of walarial antigens in cells
infected with the virus in vitre and in animals vaccicated with the recombigant
virus., Antigens which have been expressed include two different S-antigens,
RESA/PL155, SHARP and CRA (the CS protein crossreacting antigen).

The S-antigen was found to be secreted from cultured mammalisn cells
infected with the appropriate recombigant vaccinia virus; however,
immunization with the virus induced a very poor antiboedy response to the
S—antigen. Subsequently, the S-antigen was targeted to the surface of virusg-—
lufected cells by adding sequences encoding the nydrophobic and intracellular
dowzins of a mouse immunoglobulin gene to the 3' end of the malaria coding
sequence. Much greater antibody responses were elicited in rabbits and mice
immynized with virus expressing the anchored form of the S-antigen.

The repeats in the gene encoding the membrane-targeted S—antigen have
been deleted, leaving a Bam H) site to facilitate replacement with 16, 32 or
48 coples of the 4-amino acid repeating sequence of the P. falciparum C3
protein. In this way it should be possible to obtain expression of the C%
protein repeats or epitopes of orther important antigens on the surface of the
infected cells. . :

The RESA/Pf1l353 gene cloned into vaccinia has been altered by in vitro
mutagenesis, first, to remove its intvon, thereby allowing expression in
recombinant vaecinia, aand, second, to delete naturally immunogenic epitopes
from the intact molecule. If the intron was not removed, a number of small
polypeptides <ould be deteeted on Western blots of cell lysates: deletion of
the intron allowed the expression and detection of a protein slightly larger
than the P, falciparum product, together with a number of fragments detected
in cell lysates. The contribution each part of the molecule makes to the
anti-RESA/Pf155 immune response can now be assessed,

The entire CRA gene has been expressed in recowbinant vaccinla as one
approach to examining the biological significance of the crossreaction between
this agexual blood-stage antigen and the CS protein. The vaccinia product was
slightly larger than the P. falciparum product on SDS-PAGE gels. Rabbits
immunized with the (RA recombinant vaccinia virus produced an antibody response
to CRA and also to (NANP)3. Thus, an “antisporozoite” antibody response can
be induced by immunization with recombinant vaccinia virus encoding the
crossreacting asexual blood=stage antigen.

9. GENERAL DISCUSSION

It was suggested that a coordination meeting be held to bring together
groups, including manufacturers, involved in malaria vaccine development to
address a number of technical and regulatory issues, including the definition
¢f & common standard for wmanufacture (such as the purity of antigen
preparations) and negotiations with regulatory authorities, in which WHO might
play a coordinating role. It is clear that malaria vaccine development is
breaking new ground and generating the need for much more basic research in
aress which have not been fully addressed to date, such as the phenomenon of
genetic vestriction in response to specifiec peptides and the relationship
between the immunogenicity of native proteing and that of synthetic
derivatives,

There are several P, falciparum antigens which wmay have functional
equivalents im other human walarias, such as P, vivax, and which dFaclude
current vaccine candidate antigens. It will be extremely difficult to
evaluate all curreat candidates, including specific derivatives of them, since
much of the analysis required is empirical. At present, it cannot be assumed
that all candidate antigens have been identified, and there is a continuing
need for basic research. There are too few nonhuman primates available for
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axtensive testing of antigens in vive, but there is no in vitro test for
predicting protection. Tmmunclopgical studies in rodemt wmodels using analogous
molecules from rodent malaria species will be essential. It will therefore be
neceggary to be salective in the development of candidate vaccine antigens and
to base thelr selection on rigorous scientific grounds. Progress in this area
will also be highly dependent on collaboration with laboratories im endemic
areas
viaceines.

to maximize the use of field research results in the development of
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