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Abstract o
The observation by Haldane in 1949 that the distribution of malaria and

certain thalassaemias were similar and that the former disease must be a

selective force for the continued existence of the latter by preservation of the |

.heterozygotes. This theory which later became known as "the malaria

hypothesis' has been applied to other inherited conditions such as G6PD

deficiency, membrénoyathies, certain blood group polymorphisms, other
heamoglobinopathies such as sickle cell disease, blood group polymorphisms

and more recently HLA phenotyﬁes.

It has been shown that the Duffy blood group antigens are the receptors for

Plasmodium vivax and since these antigens are lﬁcldng in most black Africans
this species of malaria is virtually absent in Africa. It has also been shown

that the glycophorins are at least in part the receptors for Efalciparum.

Several variants of the glycophorins exist and the biochemistry and, where_.

known, the molecular mechanisms by which these atise is reviewed,
Experiniental work is carried out to establish the growth characteristics of
Ffalciparum in an in vitro culture syster using cells with g!ycopﬁorin variants
on théir membranes, Three such varianis were compared to normal cells and
ﬁvo (S-s-U- and Dantu) were found to be partially resistant to invasion by
Pfalciparum merozoites whereas the third (Henshaw) was found to be no

different to controls.

A flow cytometric technique using the dye Thiazole Orange was adapted for

use on the Epics® Profile IT flow cytometer to enumerate the parasites, This



technique was compared to microscopy and tested for reproducibility and the
results are presented. The ability of the merozoites to invade red cells was

also assayed hy {F’] hypoxanthine incorporation,

In addition to being partially recistant io invasion Dantu cells appear to
impair the normal division of the trophozoite stage and the resultant schizont

has fewer merozoites than normal controls,
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1 INTRODUCTION



Malaria has been and :,ti Ilis a mgmﬁcant cﬁuse of: mortahty and morb:dxty in
man. Garnham (1966} believes thét this *parasxtzc mfecnon is “the greatﬂ.st
single killer of the human race" . It is esnmated that, desplte global efforts
to eradicate the disease over the .las_t 40 years; in 1990 there are 270 million
new cases of malaria eaéh year and i.that 2.1 billion p:ople live in areas with
malarial transmission with at least ohe million deaths annually (Hoffman and
Martinez 1990). In Africa south of the Sahara it is estimated that some 90
mﬂhon cases of climcal malaria occur per year and the parasﬂe carrier
pq'avalence may be of the order of 250 miliinn (WHO 1990). . In the endeimic
areas children,. whose immunity against the diéease has not yet developed, are
 the main victims with the highest toil béing in those aged between 6 mfonths,
- when passive immu- ity declines, and 4 years at which time acquired immunity

has developed (Haworth _1988).
1 Life Cycle of the Malaria Parasite,

Malaria parasites are inoculated nto man in the form of sporozoités when the
infected female Anopheles mostuito takes a blaod meal.The sporozoites
migrate from the bite site via -.the blocd stream to the liver where they
undergo the primary exo~eryth-rocytic cycle,  This cycle oceurs in the
hepatocytes which culminates with the rupture of the irfeeted cells (liver
schizogony) and release of merozoi_tes into the live. sinusoids. Here they

invade red cells thus commencing the ervthirocytic cycle. The period over
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which fﬁe exo-erythrocytic cycle extends is chatacteristic 'f;or each species and
is known as the prepatent phase (see Table X). The patient is 1symptomat1c
during this phase only developing clinical illness sume tmxe later when the
parasitaemnia reaches a critical level. This interval betwren infection and the «

appearance of clinical signs and symptoms is known as the incubation period,

Bfalciparum. | Bmalarige  [Pvier | Fovale

' Common Name. Malignant Quartan Benign - |Owale Tertian
Tertian o Tertian g

- Msepatent pariod T 55 S 15 '_ | 9

o o
Tnicubation period . 15 . -17 ' 28 12
(days) . : ] '
Erythrocytic cyclo 48 ) I 4 ] s ;!:
(hours) ; _ 1T -
Hypnozoites T No - No Yes Yes

Table I Characteristics of the human infecting malaria Spgfcies.f

Rvivax and Povale differ from the other two h_ur.han mfectmg species in thaiﬁ
the sporozoites injected by the mosquito , in__addition to the normal primary
hepai_ic cycle, form latent forms known as hypnozoites. Tki_ése hypnozoites
remain in the heﬁatocytes for a long period, from months to saveral years, and
are responsible fo.r the relapses characteristic of the beni"gn tertian malarias.
The merozoites, once released into the liver sinusoids, i11vad€:_red cells and
thus_ initiate the erythrocytic cycle, Within the red cell the ﬁarasites grow _.
rapidly and a vacuole forms in the cyt0p1asm giving the appearanoe of the
characteristic ring forms. Growth continues, the vacuole becomes less

distinct, pigment formation takes place, and the parasite takes on the more



S : q Marnzmta relaase
Initiat Exo- aryihmcytlo cycle Early
.:i /I f : Ring
- ' Erythrocytic
: .N _ ,*’ : cycle
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' P _ . |

N reus | ®
{ : )
y{lti ~ Latent liver cycia @H _

2 'u‘ “l l i, (Hypnozoite formation)

wéporozoites . »  Gametocytes
Mosquito

Flgure 1 The life cycle of the malaria parasnes. Note that only vaax and
P ovale produce hypnozmtes in the hver

glotular apfgarance of the maturing trqphozoite. Schizonts are formed when
the nucleus begins to divide into severat discrete muclei (hence the name
given to the species Plagnodi-n- many nuclel within one plai'sma). |
| Segmentation then takes pladé with divisioﬁ of wie cytoplasm and the
formation of merozoites. The h_:bs't cell lyses and releases the merdzoites intﬁ
the blood stﬁaam where they are can invade other red cells and commence
this asexual cyéle again, Under certain poorly understood conditions, such
as an adverse environment wf thin the host, the tmphozmte.i do not undergo |
' schxzonony but develop into rrucro Or macro gametocytes whxch, if taken up .'::;

by an Anapheline mosquito, under;;u sporogony in the msec:t vector and thus

can initiafe another cycle.
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Malaria has b\aen known throughout recorded history with reports that
resemble the disease eménating from the arcient litersture from China, %igy;-
Greece, Italy and India although it is not always easy to readily identify the
diseases documented in the historical records (Ladermar 1975, Nurse 1986).
Indeed Bruce-Chwatt and de Zulueta (1980) believe that malaria “"must have

afflicted mn since his earliest days". and probably affected man’s hominid
forebears. The consensus in much of the literature, although speculative, is
that the plasmodia probably originated in Africa. This octurred during the
Eocene epoch of the tertiary age (approximateljr 50 million years ago) with
~ the early human forms developing with man and the nupper apes during the
Pliocene and Pléistocene (1 to 2.5 million years ago). The parasiie spread out
of Africa relatively recently, with the transition of human behaviours from the
- hunter-gatherer to the agricultural-settler culture, via the upper Nile vailey to
Furope, Ingia and China (Bruce-Chwatt 1965). A second focas of plasmodial
evolution may have occurred in Southeast Asia (Sergiev and Tiburskaya 1965)

over the same time span,

- It has long been thcmght that the hallmark of a siccessful parasite is ons that
is able to obtfain all its réquirements from its host without adversely changing
- the lifespan of that host (Bruce-Chwatt 1965, Laderman 1975), It is for this
reason that Pfalciparum is thought to be the most recently evolved of the
human infecting species in that it is the most lethal whereas the other species

have reached an equilibrium with their hosts in that they cause an iliness,



EPQCH MILLION YEARS

YAvas or Rodenta
(bsfora predmnt) Aves
Lamorolde KEY
LOuE i
Naw warld monkeys
Old world rrﬁnhm D
Ancosiral sp,
Otangttan
Gorlla _ .
Chimpanzes
Man n Human ap,

Sunelaties  Pyvivex  Povale P.falcipanm

Figure 2 The hypothetical time scale of the evolution of the malaria species
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which although ﬁnpleasant,' is very ‘arely fatal. The hypothesis of greater
virulence indicating recent origins has, however, been challenged (Gatnham
1988) on the grounds that Rfalciparum showed greater resemblance to avian
and rodent malarias rather than to the primate malarias. The argument
against the theory that Rfalc:ﬁmm is the youngesf of the human infecting
species assufnes that the evolution of thé parasites' parallels that of its host.
The éﬁ‘dence that Pfalciparum is phylogenetically closer to the avian and
rodent species is based firstly on the morpholbgy of sporogonic stages and
secondly on studies of the composition of parasite DNA. Sinden ef af (1978)
found that the ultrastructure of Pfalciparum racrogametocytes in memsns
formed an intranuclear spindle with a single pole such as is found in avian awﬂ
rodent species and is unlike that of primate malaria. McCutchan ef af (198@)
analyzed the purified DNA samples of Pfalciparum, Pknowlesi (a sml_ir_.an |
malaria) and Pberghei (a rodent malaria) for tl}’;ir -
deoxyguanosine -'deoxyéytidine -{dG.dC) content by determination of the
melting temperature (Ty). It was found that Pfalciparum and Pberghyi had
an dG-dC content of 18% whereas the Pknowlesi dG-dC content was 30%.

Caesium Chloride (CsCl) centrifugation gradient studies confirmed these
results and showed that the avian species Plophurae had similar dG.dC
content to PBfalciparum . The monkey malaria species Ffrgile and
Pcynomolgi along with Pvivax all showed dG+dC contents of 30% althougﬁ
the latter two species had minor populations of 18% dG+dC content which
Garnham (1988) believes may represent hypnozoites, ‘This is difficult to
accept since these forms are found only in the liver cells and therefore wounld

not be recovered from peripheral blood. Hybridization studies with various
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probes again showed that Efalciparum was closer to the avian and rodent
malaria specics; There is also a school of thought that the morphology, life
cycle and disease produced are so unlike the other three human malarias that
Bfalciparum should be placed in its own genus Lavenaria as it was designated
shbrtly after its discovery by’ Alphonse Laveran. The consensus is that this
.' species belongs within the genus Plasmodium and subgenus Laverania (ie

" Plasmodium (Laverania) falciparum). i

.'Rmataﬁae,'which produces benign quartan malaria in man and chimpanzees
but not other apes or..monkcys, is thought to be the phylogenetically oldest
human species.  Garnham (1966) postulates that the quartan malarias
originally evolved in the lemurs and lower monkeys with the higher ape and
human species appearing later. 'This hﬁs resulted in a parasite that is
characterised by its siow development in both primate and insect hosts and the
persistence, with periods of latency, of the infection in man for many years.
The mechanism of latency displayed by this parasite is poorly understood since
no evidence of any late relapse forms of the parasite (hypnozoites) could be
recovered from livers of chimpanzees after inoculation with infected blood or
injection of sporozoites (Bruce Chwatt 1985). The re-emergence of clinical
infection after a hperiod of latency is thought to be a recrudescence of the
erythrocytic forms which had persisted, in small numbers, from the primary
infection. 'This species also has a patchy distribution throughout the wofld
with the greatest density being in the least develored parts of Africa, India
and SE Asia. A possible reason for this is that the parasite is partof a

zoonosis with the higher apes and as these animals are endangered the
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survival of the parasite is similarly affected. Knowles ef al (1930) -suggested
that Pmalarige is & senescent species of ancient origin and is now in the

course of disappearance,

'I'he ancestral versions of Pvivar and Povale, the tertiary malarias, probably
appé}ar_ed in the olipocene epoch 25 _milh'dn yeafs ago in the old world
| monigeys. " These species are very: snmlar and probably evolved along a
com:i;on pathway diverging only in recent times. The major difference
betwapn tﬁe two species is the dependency of Pvivax on the presence of Ithé
Duffy :-blood_ group _an%igens on the red cell membranes which are essential for
merozi‘bite penetration of the cell whcfeas Fovale merozoites are able to
_ inyadt:;:the red cell independentl)} of these antigen determinants. Povale is.
' probabiy an adapted form of Pyivax as there are human populati‘ons.in Africa
who have very low gene freciuencies for the Duffy antigens Fy* and Fy®. The
production of hypnozoites in the behi‘gn tertian Plasmodia which allows the
parasite to survive in a single host for many years with only periodic relapses
of the illness can be seen as a survival mechanism. This is an indicator that
the host-parasite relationship has reached equilibrium in phylogeﬁetic ferms.
'The latent periods also enable these species to survive the seasonality of its
insect vector in the colder climatic regions in which they are found (for

examnple the Russian sub-species Pvivax hibernans).

1t is interesting that the simian species, Pknowlesi, whick occasionally infects
man, is also dependent on the Duffy antigens. This species, however, produces

an illness similar to that caused by Pfalciparum with high parasitaemias and
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~fulminant disease. Moreover the rmg ﬁonns produced by Pknowlesi are.
morphologically comparable to those produced by Pfalciparum and the late
forms show fhe same tendency to disappear from the :_.:;j}eﬂpher'al blood to
‘undergo schizogony in the internal vessels (Garnham 1988). Unlike in the
ben_ign'tertian species, hypnozoite production has not been demonstrated in
Plknowlesi. - It can be arguéd that Pknowlesi probably evolved independently

of the benign tertian species and phylogenetically is a much younger species.

13 Adaptation of Man to Malaria _,

The long struggle between man and the malaria para#ite has resulie.d in the
development of several host defence mechanisms and the selection of genes
which ¢onfer some degree of protec’tioﬁ' against the infection. Tt was Haldane
(1949) who first recognised that high frequencies of the thalassaemias and
other haemoglobinopathies occurred in the endemic malarial areas. He
proposed that these high frequencies résulted because these genetic disorders,
in the h.etemzygote state, may confer some protection against malaria, This
theory hasl become known as "the malaria hypothesis” and has later been
shown to apply to blood group polymorphisms, Glucose 6. Phosphate
dehydrogenase (G6PD) deficiency and some red cell membrane disorders as
well as the haemoglobinopathies. More recently HLA polymbrphismé (both
class I and II} were added to the list ( Hill et ol 1991). - This review of the
literature will focus on the role afforded by the blood group antigens as
protective mechanisms against malaria. The role of other factors is adequately
reviewed elsewhere (Nagel & Roth 1989, Nagel 1990, Weatherall 1987), and

this is not directly relevant to this report,
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Certain of the blood group antigens have been shown to participate in the
pfooess by which the merozoite of various species invades the erythrocyte.
These have been extensively stndied by examining the ability of ihe parasite
to invade red cells with (or lacking) certain blood group antigens and their
variants. Mot of the work has been done since Trager and Jensen (1976)
succeésfully developed their method of in vitro cultivation of malaria parasites.
These studies, which brought to light the importance of the Duffy and
| giycophorin associated blood groﬁps are reviewed below, Epidemiological
studies to establish an association .bemen bleod group polymorphisms and
malaria are surprisingly scarce. Mourant ef af (1976) have collated data from
many sources and produced tables of blood group frequencies which enable
predictions of likely antigens that 'may play some part in the protection .of

populations against malaria.

1.3.11 The Duff d . .

Attention was drawn to the role of the Duffy blood group system and its
relationship to plasmodial infection when Miller Iet al (1975) linked the earlier
observation that a high percentage of African and Amcﬁcan blacks are
resistant to P, vivax (Boyd and StratmanThomas 1933) and that the majority
of these populations Jacked the Duffy blood group antigens Fyv* . Fy® {(the
FyFy genotype). These findings were confirmed by Miller et gl (1976) by
feeding Pwivax infected mosqnitoes on human black and white volunteers.

All the white individuals, who were presumed to have either Fy* or Fy® red

cell antigens, and Duffy positive black volunteers were all infected whereas
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the black individuals with the FyFy genotype were resistant to the parasite.
Since it is not possible af present to culture Pvivax thc.hypothesis was tested
using the simian malaria parasite Pknowlesi which is able to invade human
red cells and can be successf&lly culmréd using the method of Trager and
Jensen (1976). Duffy negative cells were found to be resistant to' this
parasite, It was also found that treatment with .chymotrypsin which removes
the Duffy blood group determinants rendered the cells resistant to Pknowlesi
(Miller et al 1975, Mason ef al 1977). Furthermore Mason ef al (1977)
demonstrated that erythrocytes from the great apes and the old world
monkeys which all typed as Fy (a-b+) were all susceptible to invasion with
Blonowlesi mérozoites whereas the red cells of new world monkeys and lesser
primates were not. An interesting observation made by these workers was
the ability of Pknowlesi merozoites to invade the cells of chimpanzees (Panl
troglod, tes) and the kra monkey (Macaca fascicularis) after re:mm}v)al of the By
antigens with gm&notrypsin which would indicate fhat these pri;nate species

have an alternative red cell surface receptor for the parasite.

Haynes et. al (1988) and Wertheimer and Barnwell (1989) pmviaed further
evidence of the role of the Duffy antigens by the isolation of protcins frorh
Phnowlesi and Pvivax respectively that show binding specificity for this
antigen. The Pyivax Duffy associated protein (PvDAP-1) which is 135-140
kDa in size has fmmunological cross reactivity with the Pknowlesi derived
protein (PkDAP-1). This work on these two species of malaria strongly
suggests that the Duffy antig_en is a receptor which facilitates the invasion of

merozoites into the red cell. This, however, is not true for the other human
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species of Plasmodia all of which are able to invade red cells independently

of the Duffy groups on the cell membrane.

Chaudhuri et o (1989), using murine monoclonsi'-anti Fy 6 ﬁnd_ an
immunoblotting technigue, have characterised the Duffy antigen on red cell

ghosts. They found that antigen-antibody complexes that had been solubiliserd

with detergent and subjected to sodium dodecyl sulphate polyacrylamide gel

elecuﬁoﬁharesis (SDS PAGE) yielded a complex pattern of baﬁds. ~ This |
indicates that the Duffy antigens are part of a multimeric protein complex.
Gne fraction of ﬂﬁs complex designated as pD protein carries the antigenic |
determinants and is an integral membrane protein of 36-46 kDa which is not -
firmly associated with the cytoskeleton. It has the property of forming
discreie oligomers of over 100 kDa. There are six other proteins which are
associated with the pb .fraction, four of which are present in all three Duffy
antigen positive cell .types (ie Fy(a+b-), Fy(a-b+), Fy(a+b+)). The other
two associated proteins are only present in Fy(a+b-)_ and Fy(a+b+)
respectively.  None of the seven proteins have been identified in Fy(a-b-)
cells,

The mechanismis of merozoite invasion are poorly understood as it appears
that they attach to and deform the membrane of Duify negative cells but are
ur 1ble to undergo the second stage of invagination and interiorization of the
erythrocyte (Dvorak ef al 1975). Chaudhuri ef al (1989) suggest that the
parasite may require a multivalent association with the receptor which would
be a complex of surface proteins composed of several subunits one set

contributing to attachment and another to penetration.
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1.3.1.2 The - ori

The red cell receptors for Pfalcgpamm mazrozoites are, at least in part, the
integral membrane proteins known as the glycophonns. (Fasvol et al 1982 a,b;
Facer 1983)._ Four glycophorins,designated as Glyoophonns (GP) A to D,
have been fully characterised at both the molecnlar and protein levels. More
| recently the gene for a putative fifth glycophbrin (E) has been discovered and -
although the gene has been sequenced no protein products have been isolated.

The GP E gene had previously been known as inv. The major prqperties of |

the glycophorins are summarised in Table In.

Synonyms SGP « SGP s SGP § SGP r

. Major Bloo mup MN SsU Gerbich?3 | Gerbich:23 | ?
antigens wrt N

Henshaw

PAS positivity 85% 10% 4% 1% ?
Apparent Molecular || 36 20 32 . 23 77
mass (hDa) _
Copies/cell 500-900 300 50-100 20 Y
Amino acids 131 72 128 | 107 | 59
O-linked sugars 5 n 12 6 211
N-linked sugars 1 0 1 0 ?

Table I The major properties of the glycophorins (Blancha.rd 1990, Kudo et
- al 1990, Vignal et al 1990) '

Glycophorins AB and E genes are all located on chromosome 4 and are
arranged in tandem. The 3 genes are homologous in their § regidns but

variable in the 3’ regions (Kuvdo et al 1990, Vignal et al 1990). Nﬁsaiignment
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of chromosorae 4 during meiosis and unequal crossing over of chromatids may
lead 1o gene deletions or hybrid genes. Some of these may be of significance
with respect 10 the susceptibility to malaria of the erythrocytes which carry the
aberrant gene products. The .red cell expression of Glycophorin E has not yet
been éonﬁrmed. 'The 5’ cDNA sequence suggests that the N terminus should
express the M or N blood group antigens but it may produce only a small
numtber of copies per cell and no antigens are expressed. Alternatively the
gene is silent (for example lacking an promoter sequence) and therefore there

may not be any protein ﬁroduct_.

Figore 3 The components of the red cell membrane

The relationship the glycophorins have with other components of the red cell
membrane is probahly central to the process of morozoite imvasion. These
relationships are shown in Figure 3. ‘The interaction of the C-termini of
glycophorins A and C is with band 4.1, whereas the other three glycophorins
have no such connection with the intégral .membrane proteins (Reid et 4l

1990). These authors suggest that the function of this relationship is to
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regulate red ceh shape. Biochemical analysis has shown that there is no

homology between GP A and GP C (Blanchard 1990).  The blood group
antigens which are found on the glycophoﬁns serve as useful markers and the
absence or variance of one or more of these indicates that part or all of the
glydophorin molecule is either missing or has been altered structurally (some

of these are summarised in Table L)

Red Cell type Defect
. En(a-) ~ GP A Absent
§-5-U- (8%) . GP B Absent .
Tn _ Sialic acid and Galactose residucs absent on alkali
‘ _ labile tetrasaccharide chains,
M- _ N GP A and GP B absent
Cad Modified alkali labile tetrasaccharids to a
pentasaccharide.
M? Amino acid substitution position 4
_ N terminal GP A { Threonine » Asparagine)
He ' ' Variant of N terminal of GP B (3 amino acids
_ different from *N' antigen)
 Daatu ~ Hybrid GP A/GP B (5-a)
Stones (St") | Hybrid GP A/GP B (6-a)
Miltenberger Class V Hybrid GP A/GP B (a-5)
Qiv) |
Other Miltenberper Point mutations in either GP A or GP B, In some
antigens (Clagses 1.1V & cases a hybrid (5-a-6)
VI-VIH,

"Table III The variant glycophorins
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131,21 Absent Glycophorin A En(a-)
Miller et o (1977) first suggested that the glycophorins play a role in the
invasion of Pfalciparum merozoites when they noted that the red celis of two
-individuals that lacked glycéphox:in A on their red cells (the. Bn(a~) ﬁhﬂm}type) “
showed relative resistance to infection by the Ear_asite in culture. 'Ihxs was
confirmed by Pasvol et al (1982 ab) and :'?lFacer (1983) although the
paleogenetic significance of this _ﬂnding is unclear since this phenotype is rare.
Two variants of En(a-) have been described (the Finnish and English types)
* each arising from separate molecular mechanistos and malaria Iis unlikely to

be an agent influencing their selection,
13122°Tn

-Pasvol et al (1982) also found that the merozoites failed to invade cells from
a donor that carried the Tn antigen. These cells ha;s%e glycophoring that are
deficient in sialic acid and galactose as the result of an acquired deficiency of
8-3-D-galactosyltransferase (Cartron ef @l 1978). This indicates that the sialic
acid moiety of the glycophorins probably is the component required by the

merozoite to facilitate the invasion process.

Cartron et al (1983) also found that MEM® cells are susceptible to merozoite
invasion. These cells have antigens which differ from M or N as a result of

an amino acid substitution at position 4 (threonine —+ asparagine). The
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presenf:e of an asparagine at position 4 results in a marked reduction of the
glycosylation of the adjacent threonine residues at positions 2 and 3, This
finding suggests that the glycosylated residues elsewhere on the glycophorin
A molecule are adequate for invasion. |

13124 Cad

Cartron ef al (1983). investigated a series of red cells that carried rare blood
group antigens, all of which carriéd abnormalities of the sialotetrasaccharide
chains of the glycc:phorins. These authors found that cells of the Cad type
‘were resistant to invasion. by Pfulciparum. ‘These cglls have an additional
~ sugar (N~acety1—D-galactosamine) residue bound to the same galactose

residue that carries the sialic acid (N-acetyl neuraminic acid) (Blanchard ef

T GalB(i»3)

| Normal Fed Celis] | |
NeuAs cv ({3) ﬁl/hc-o!—(sﬁ) or (Thr)

NeuAec ¢y (2»6)

Cad Red Cells GaiNAcB(1+4)

\\ :
Galp(i*3)
NeuAgc oy (2»3) GalNAc-ol--(Ser) or (Thr)

NeuAc ¢ (2-6)

Gal= fislactose GalNAe = N Acety] Galactosa

NeuAc=N Acstyl Neuraminle Acid (Slalic Acid)
Sere Serine Thr= Threonine

Figure 4 Configuration of the sugars on the aikali labile pentasaccharide on
Cad crythrocytes
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al 1983). This additional sugar probably blocks merozoite attachment to the

sialic acid.

12,5 Wr* |
One of the early putative malaria receptors was the antigen Wr* which is an
antigen found at the external membrane junction on glycophorin A between
amino acid residues 55 and 70 (Ridgwell ef af 1983). Pasvol et ol (1982&)
found that cells which lacked the antigen were less susceptible to invasion in |
v:tm than _ﬂormal cells. Howevér his findings were not confirmed and other
workers (Facer and Mitchell 1984) claimed contrary results indicating that

this was not the red cell ligand for Bfalciparum .

13126 S=-U- (SY)
Pasvol (1982) and Fager (1983) *’ound that cells of the S-s-U- type were

¥ B

significantly resistant in vitro to invasion by Pfalciparum merozoites. This is
a particularly important finding since the gene coding for the S-s-U-
phenotype (SY) has reached polymorphic freqﬁencies in the malaria endemic
Central and Equatorial Africa (gene frequencies for §Y range from 0.3 1-0.59
in pygmie populations in the Congo) (Lowe and Moores 1972, Jenkins and
Ramsay 1986). The frequency of the gene is much lower in the relatively
malaria free Sonthern Africa (for example gene frequency of 0.14 in Malawi,
0.86 in Zimbabwe and 0.00 in Natal South Africa)(Lowe and Moores 1972).
Jenkins and Ramsay (1986) suggest that the advantages of the homozygous
phenotype are such that the frequency of the SV gene in the endemic regions

should be higher but are kept down by a high incidence of fatal cases of
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haemolytic disease of the newborn. Martin ef al (1979) conducted a survey

in Nigerian children presenting to Ibadan hospitals with malaria, Although
numbers were small they found that the distribution of children with the SY

phenotype who had malaria was not significantly different from controls.

Recent work at the molecular level has shown that there are at least two
different gene alterations that lead to this phenotype (Rahuel ez al 1991) .

- The glycophorin B gene on chromosome 4 is composed of 5 exons (B1-BS).
Southern blotting analysis, using the GPB-2 probe and a number of restriction
enzymes, showed that the type I variant is a large deletion extending from
exon B2 to BS. This finding concurs with that of Huang et af (1987). The
whole glycophorin B gene structure is intact in the iype II variant and the
defect which gives rise. to the expression of the §-5-U- phenbtype is unknown
but oceurs at the transeription or transléiion level. It is not clear which of the
two types is found in polymorphic propﬁnions in Africa.

3127 Enzyme Modifi ells

Several researchers have modified cells with enzymes (Miller et al 1977,
Pasvol et al 1982a.b, Facer 1983, Breuer et al 1983). The terminal portion
of glycophorin A is removed by trypsin (Issit 1985) and- all studies
demonstrated that removal of this membrane protein resulted in loss of the
ability to invade red cells by the merozoites of RfaIci;:m. This not only
confirms the En(a-) data but shows thdt the N ternﬁnal 39 amino acids are of
importance to the process of invasion. Neuraminidase removes the sialic acid

residues from the glycophorins which also renders the cells resistant to
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invasion thus corroborating the observations made with Tn positive cells.
Thus the role of the N-terminal portion of glycophorin A is probably the
sugars they carry rather than the amino acid backbone pér se. Chymotrypsin
treated cells have no effect on the ability of Pfalciparum merozoites to invade

them but the invasion of Pkinowlesi merozoites is blocked since this enzyme

destroys the Duffy antigens.

.Camus and Hadley (1985) isblated a protein from supernatant fluids of
cultured Rfalciparum which binds to ﬁierozoites and red cells. This protein
was found to have a molecular mass of 175 kDa and probably 'aéts as a bridge
between the erythrocyte and the invading merozoite. These workers also
fpund.t.hat the protein produced is strain specific with respect to its merozoite
binding properties but not its ability to bind to the glycopborins on the
erythrocyte, Red cells that had been coated with the protein derived from
one strain (Camps) blocked merozoites from another (FCR-3) and vice versa.

This is illustrated in Figure 5.

'fhe protein binds to the sialic acid moiety. of the glymphorins providing
further evidence of -thé role of: these molecules as the merozoite receptor
The DNA encoding this protein (now cailed EBA-175) has beeﬁ sequenced
(Sim 1990) and its primary structure deduced, Synthetic fragmelits, based on
predicted antigenic peptide sequences, were injected into rabbits and one such
fraction, EBA-peptide 4, was able to raise an antibody which was inhibitory

to Ffalciparum merozoite invasion in culture, Unlike many other plasmodial



FCR3 ["I—T‘ Me'rozoite_ _.CAMP_S }\ M_erazafta
FIT : { ] FT
EBA175 ' o EBA175
RBC (GP receplor) _RBC (GP receplor)
CAMPS A Merozolte | FCR3 ’—‘_’ Merozoite
: NO FIT NO FfT
_ | EBA175
| EBAi?5
"ﬁEE?GP réceptor)w _ RBC (GP receptar)

Figure 5 The strain specificity of the EBA-175. The GP bmdmg is specific
_ whereas the merozoite binding is strain specific,

antigens, whlch exhibit diversity within the species, the EBA-peptide 4 has
been shown to be conserved at the nucleic acid level in at least six different

strains of Bfalciparum from many parts of the world (Orlandi ef a! '1990).

1312 tor heterogeneit

All the work referred to above is strong evidence that the red cell receptor for
Pfalciparum is the sialic acid moiety of glycophorins A and B, There is,
however, some evidence that it is not as simple as it may appear. Mitchell
et al (1986) believe that there is some receptor heterogeneity among
Pfalciparum parasites_. They base their argument on f.heir observation that
different strains of the parasite show variable abilities to iovade Tn
erythrocytes. One strain successfully maintained in the Tn erythrocytes (Thai-

Tn) was compared to their parent strain (Thai-2) and the Camp strains of
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Pfalciparum .  ‘These workers demonstrated that the ThaiTn parasites are

able to invade neuraminidase treated normal and Tn erythrocytes whereas the
other two strains showed very _pﬁor invasiveness to these cell types. An
interesting.facet.nf this work is the bbservation that Tn cells t_réated with
neuraminidase were about 40% more susceptible to invasion by the Tn-Thai
strain than untreated cells. They also showed that the Camp and Thai-2
strains were able fo invade trypsinised cells better than the ThaiTn parasites
although this data should be iﬁtérpmted with caution as the _differeﬁces are
small. Mitchell ef af (1986) conclude from this work that there are two
parasite membrane ligands, one sialic acid depeﬁdént and the other sialic acid
independent and the variability between strains is due to either different
numbers of the ligands or greater affinities for one or other of the red cell
receptors. The aig’umen{ for the presence of two red cell reéeptors is
strengthened by the work of Hadley et al (1987) who showed that one strﬁin
of Pfalciparum (7G8 strain) was able to invade red cells, albeit with only
50% efficiency, that lacked glycophorin A and B (M*M* cells). Dolan ef al
(1990), noting the findings of other workers (Mitchell ef af 1986, Perkins and
Holt 1988), investigated the invasion properties of 6 different strains of the
parasite, They found that Pfalciparum clones could be placed into iwo
categories. according to their ability to invade and grow in neuraminidase
treated red cells. Type I parasites invade and grow in these cells although at
a reduced rate as compared with untreated cells. Type II parasites invaded the
treated cells very poorly with a sub group disappearing from culture (Type 1I-
A parasites) . Type I-B parasites however are able to adapt to the conditions

‘and although initially invasion rates are poor they survive in continuous
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culture and invasion becomes more efficient. All parasite strains were
subjected to Southern blot analyses, hybridizing with the recombinant pC4.H32
probeswhich detects interspersed repetitive elements, before and: after each
expeﬁﬁent. They demonstrated no difference in the unique hybridization
patterns (DNA fingerprint) of type II-B parasites which shows thai the
-parasites maintained their clonal integrity. The mechanism of adaptation is
unknown but Dolan e al (1990) postulate that a gene switching mechanism
may exist, This on the basis of the experimental work doae is plausible but -
the necessity for such a mechanism in vivo is not clear since the aberrant

glycophorins apart from 8" have not reached polymorphic proportions. In any
case most of the type II-B strains occur outside of Africa and therefore the

influence of §Y on the presence of the alternate gene is negligible.

13121  (He

A variant of the terminal portion of glycophorin B which is present in
polymorphic frequencies in Affrica is phenotypically expressed as the blood
group antigen Henshaw (He). This antigen éppears to be unique to people

of African origin.

Henshaw was discovered when an extra antibody was ﬁoted after rabbits had
been immunised with human type M cells in the preparation of immune anti
M anti sera (Tkin and Mourant 1951). These workers found that the antibody
reacted with red cells of_two Nigerians which typed as N with other antisera,
They thought that they had rediscovered the antibody described by

Landsteiner ef al (1934) that had been .evoked in rabbits by injection of the
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cells of a West African by the name of Mr Hunter (hereafier the anﬁgen
became known by ]:us name). | Anti Henshaw was subsequently produced
deliberately by the immunization of rabbits with the blood of a Nigerian
laboratory technician Mr Henshaw (Chalmers et al 1953), This antibody was
shown by Chaiiners et al (1953) to be different from anti Hunter, Wiener
and Rosenfield (1961), working again with iromunised rabbits, found an
antibody, which was designated anti M®, that cross reacted with both M and
He antigens independently. The rabbit which elicited the énti M" had not
been exposed to He positive cells which suggests that there is some homology
between the anﬁgenic structures of M and He, Subsequently, examples in
human sera of anti e (MacDonald et ol 1967) and anti M°® (McDougal and

| Jenkins 1981) were found.

Shapiro (1956) extensively investigated 7 South African black families and
found that the Henshaw antigen. segregated with particular M IN Sors
antigens in all but one case which typed as NNssHe unlike her siblings who

all typed as MNssHe. The childs mother typed as MNssHe and the father
NNss and in this family we He antigen was thought to be linked to M an.
s antigens. Shapiro (1956) ﬁostulatecl that the 6ne case that failed to
segregate as predicted eithef had a different father that with the NNssHe type
of red cells. or tuat there had been +.ossing over of the maternal
chromosomes. The latter theory is probably correct as subsequent studies
have shown that the Henshaw antigen is part of glycophorin B as are the S,s
and U antigens but unlike M and N which are found on glycophoriﬁ A. They

are all however coded by tandem genes on the long arm of chromosome 4
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- cells of a West African by the name of Mr Hunter (hereafter the antigen

became known by his name). Anti Henshaw was subsequently produced
deliberately by the immunization of rabbits with the blood of a Nigerian
laboratory technician Mr Henshaw {Chalmers ef al 1953). This antibody was
shown by Chalmers ef al (1953) to be. different from anti Hunter. ¥ . -er
and Rosenfield (1961), working again with immunised rabbits, f.. .
antibody, which was designated anti M®, that cross reacted with both M and
He antigens independently, The rabbit which elicited the anti M® had not
been exposed to He positive cells which suggests that there is some homology
between the antigenic structures of M and He. Subsequently, examples in
human sera of anti He (MacDonald et of 1967) and anti M* (McDougal and
Jenkins 1981) were found.

Shapiro (1956) extensively investigated 7 South African black families and
found that the Henshaw antigen segregated with particular M N S or s
.antigens in all but one case which typed as NNssHe unlike her siblings who
all typed as MNssHe. The childs mother typed as MNssHe and the father
NNss and in this family the He antigen was thought to be linked to M and
s antigens, Shapiro (1956) postulated that the one case that failed to
- segregate as predicted either had a different father that with the NNssHe typé :
of red cells or that there had been crossing over of the maternal
chromosomes, 'The latter theory is probably correct as subsequent studies
have shown that the Henshaw antigen is part of glycophorin B as are the S,s
and U antigens but unlike M and N which are found on glycophorin A, They

are all however coded by tandem genes on the long arm of chromosome 4
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(49 28-31) (Cook et ol 1980) and therefore are likely to segregate together

unless crossing over had taken place,
_ Antigen Amino Adid Sequence (N-terminal) Glyeophorin -
M ser-ser-thr-thr-gly A
* L O ]
N ° leu-ser-thr-thr-glu A
N ) . leu-ser-thr-thr-glu . B
'ir' . L I "
He i trp-ser-thr-set-gly : B
: . LI ]

¥ = glycosylation sites
Ser= seriue thr = threonine gly = glycine
Ien= leucine © ghu = glutamic acid trp = tryp aphan _

Table IV 'Ihe amino acid sequences for the blood grom anugens located
at the N-terminal of glycophorms AandB.

Judd e: al (1983) studied cells of the rare genotype MsHe/MSY and found that |
these cells were N quote ('N’) negative. *N’ is the antigen which has the. same
amino acid sequence as N but is found at the N-terminal of glycophonn B
(see Table IV) .  Dahr et al (1984) sequenced tryptic glycopeptxdes from He
heterozygotes and showed that the He structure represents an allelomoarphic
form of 'N’ antigen thus concurring with the earlier findings of Judd et o
1983. The amino acid sequences of the various blood group antigens
associated with the N-terminals of glycophorins A and B are shown in Table

Iv.

The He gene occurs throughout Africa and the gene frequencies are shown

~ in Table V along with those for the Hu antigen. fhe gene frequency is
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calculated by application of the Hardy-Weinberg equation and assumes that

the He positive individuals include both heterozygotes and homozygotes.

The role that He plays in the innate resistance to malaria is not known.
Since it does appear in polymaorphic frequencies and is part of the glycophorin
B molecule it is feasible to propose that this antigen may play some role in

the resistance to Pfulciparum merozoite invasion on the red cell.

The distribution of the polymorphism exténding to outside the endemic areas
is also argument against its role in malaria resistance. This however can be
explained by tﬁe relatively recent migrations of people from the hyperendefnib
malaria areas to the virtual non malarial regions such as South Africa, There
is great variation in the gene frequencies of He in the different indigenous
peoples of Southern Africa. These are shown in Tables VI, VII and VIII

which sub divide the populations on the basis of their language types.

It is interesting to note the variation within and betweén all the different
groups of people. This may indicate that the populations with the higher
frequencies for He have had greater exposure to the environmental factor
influencing its selection, There is no discernable cline demonstrable and it is
not obvious what this selective force may be, although malaria remains a
strong candjd.ate despite the fact that many of the people have migrated away
from the endemic areas for this disease. The San people are still hunter
gatherers who have avoided malaria as a result of their continuous migrations. |

However the areas in which they now live have become smaller as political
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boundaries and agricolture have restricted the natural migrations of these

people and therefore made them more susceptible to disease, particularly that

confined to certain geographical regions,

Hunter ON

Henshaw (He)

Country n | % Pos gene n % gene

: ' freq, Pos | freq.
Tunisia 24 {08 |o00m
Ethiopia 50 |15 {ooom
Gambia 124 |32 omes || 124| 81| oo
Ghana & Nigeria  f 1428 )27 joomms J ms| 27| ous
Ghana 12 |54 | omnm 29 | 310| 01695
Tvory Coast s sz oo | "
Nigeria | “ g2 |55 | oo 340 | 109 | 00560
Tenzania a1 |51 Joosy || o3| 22| cows
Uganda 563 36 0,017 220 535 0.ﬁ277
Liberia 445 122 |opu3 | | |
Niger 164 |00 o000 [ 164| 00| om0
Somalia 233 |00 | 00000
Sudan e w0 Jooosr { sl a3 omes
Upper Volta 23 0. 0.0000
C.African Republic 307 |78 | 0039
Lesotho 180 106 | 0.0542
‘Botswana e {171 {ooes
Zambia 68 |56 |00z
Zimbabwe " 156 |19 | 00097
Namibia 0 |62 |00
S.Afrien fleom los Jomm | a0| 2 |

L N

Table V The frequencies of the He and Hu genes in the indigenous peoples
of Africa (Data from Mourant et al _1976)
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Glaokxate 33 1| 333% 01835
X6 .51 5 . 98% 0.0503
Fhui 36 2 56% 00282
G/wi 94 4 | 4a3m | oous
G/fama 50 3 | 60% 0.0305
Nharo | s | 1w 06% | 0042
//an/fen : 111 22 19.8% 01046
IKung, Dobe 258 49 19.0% 01000
{Kung, /ai/ai 65 5 71% 0.0392

" \Rung, /du/da 64 3 | 4% 0.0237
fKung, Tsumkwe - us | 1w 69% | oo
IKung Glaglai " 36 3 | 8% 0.0426
Comulative frequency || 1171 B6 | 16w | 00w

Table VI Henshaw gene frequencies in the San people of Southern Africa.
{Nurse & Jenkins 1977, Nuxse ez af 1985) .

SA banlu spesking | '

Ngmi s | s 4% | 00205
Sdthc_/’Ihwana o 764 51 75% 0.0380
Venda 105 4 3.8% 0.0192
Kavongo - 349 18 52% | o6t
Ambo " 591 46 78% | 00397
Herero 254 5 | 20% | 00099
Cumulative frequéncy || 2,186 135 62 0,0314 .

Table VII Henshaw gene frcquenmes in the Bantu speaking peopls of
Southern Africa (Nurse & Jenkins 1977, Nurse et al 1985)
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' : “ h Positive % - (Gene '
3 Frequency
Sarwa ;) 5 63% | 0032
Kweogo 35 0 0.0% 0.0000
' Doma 79 0 | oom | ooooo
Comulative froquency | 194 % 5 2.6% 000

Table VIII Henshaw gene frequencies in the Khoisan speaking people of
Southern Africa (Nurse & Jenkins 1977, Nurse ef al 1985) -

Whilst the migratory habits of this interesting group of people may be an
argument against the hypothesis of Hlcnshaw or any polyinOrphism within the
group“being selected on the basis of innate resistance to Malaria, the high
frequency seen in somé of the sub groups may well have occurred because 5f

genetic drift in more recent times as a result of their restricted movement,

1.3.1.2.11 Hunter

The Hunter antigen was discovered by Landsteiner et al (1934) I.when the
blood from a Mr Hunter injected into rabbits elicited an antibody other than
the anti M that.was intended by the exercise. The antigen that elicited this
antibody appears to be polymorphic in Africa with the highest gene
frequencies being found in West Africa (See Tablc. V ). Unfortunately anti
- Hu has only been elicited with the cells of Mr Hunter and some of his
offspring and antisera are no longer available, consequently surveys in
Southern Africa have been limited to very small mumbers (8/30 in

Johannesburg bantu speakers according to Shapiro 1956). The nature of the
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antigen has not been determined and its role, if any, in protection against

malaria is not known.

13.1232 Danty -

ljantu is & low frequency red cell antigen wﬁhich has to date been found
mainly in peuple of negro origin (Contreras et al 1984). The first examples
of the red cells carrying the Dantu phenotype were described by Contreras et
al (1984) who characteriéed the antigen on the basis of its serological
reactions, The anﬁgen is named after a Mr Dantu, a partly ﬁegro man of
South African origins, whose cells were found to react with the serum of a
patient (Cani) which contained multiple antibodies, None of the antibodies
that could be identified in Cam’s seram corres_po.nded to known antigens on
Dantus red cells and further testing in England and North Ametica confirmed
that the low frequency antigen on his cells was different to .thos.é already
described. A .secé‘\nd example of the antigen was discovered when 2 baby was
delivered with a weakly positive Coomb test and an eluate from the babies
cells was found to react with the fathers and MrDantu’s red cells. The
father was later confirmed to be Danty positive.  Contreras et al (1984)
describe several other propositi they have serologically characterised as Daz_xtu
including two which had been previouély biochemically éharaCterised by SDS§
PAGE and found to be non identical hybrid glycophorins. They had been
designated as (<S~c:e)."h (Tanner et al 1980) and (§-e)™ (Unger ef al 1981) thus
establishing that the Dantu antigen existed as at least two biochemical
varjants. A third variant found in a caucasian subject (M.D.,) was

subsequently discovered and characterised (Pilkington et al 1985, Dahr ef ol
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1989). The term (6-a) indicates that the molecule is :élamposed of the N-
terminus  of sialoglycoprotein & (GP B) and the C-erminus of
sialoglycoprotein a (GP A). The hybrid is thought to have resulted from
misa]igninent of homologous c’-:mmésomes during meiosis and crossing over
in an ahti Lepore type arrangement.  This is illustrated in Figure 6 which
shows both the Lepore and anti Lepore types. The complimentary genetic
configuration to Dantu (ie the (2-8) Lepore type) has not yet been discovered
although an (e-8) hybrid, the Miltenberger class V (Mi. V) antigen, has been

described in other population groups.

— - — TS —— I — O — I ——
Al AZ-A? [c1] Ba-fis 3] E2-E4

[ 2.Unequal Crossing over | _
Al AZ-AT [:)] Hyhrid B2-83 AR-A} B B2-BE El E#-E4
e - — R - I -— S - ]
' At Hyhiid AZ-M.B4-B5 Et E2-C4
e R —— - ——
|_8.Resultant genas: Dantu (anti Lapare typs) is the top configuration. |

A-AT wiSPA EIONS B1.B5 wGPA EWONS E1-B4 wGRE DIO0N, Inall pasos there 1 215 kb gap hatvesn sxons
ot Dudu variants Tuve & GPE delation,

Figure 6 The molecular mcchaﬁism of the hybrid glycophorins (eg Dantuj.

The Ph and NE Dantu variants react identically with anti Dantu but differ
froin each other with respect 1o the expression of normal glycophorins, The

Ph type is characterised by the absence of normal GP B which suggests that
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it is inherited in conjunction with the 8" gene (Tanner et o/ 1980). The family
studied by Huang and Blumenfeld (1988) included several members with the
Dantu phenotype which were also deficient in GP B. They showed that the
entire coding sequence for GP B was deleted thus confirming the hypothesis
of Tanner (1980). The red cells carrying the NE hybrid have a normal GP B
but have reduced GP A ( GP A:Hybrid GP & 1:2,4) (Dahr ot al 1987,
Blumenfeld et al (1987). Thisis significant since in normal red cells the GP
A is the most abundant of the glycophoﬁns. The family studied by Huang and
Blumenfeld (1988), the pedigree of which is further complicated by the
presence of a second glycophorin variant (Milll}), appeared to have duplicated
Déntu genesas well as 2 & gene deletion (8%). Most Dantu cells have nor;nal
M expres.'.sib:;._ using standard antisera which suggests the hybrid gene is linked
to the oM gene (Huang and Blumenfeid 1988). All cases of Dantu however
also express the N antigen but this is tryps.in resistant which indicates that it
is encpded at the N terminus of GP B (ie 'N'). Since the Ph variant has a
deleted & gene the N antigen detected must be part of the Dantu hybrid, The
N detected in the NE variant must be mainly from the hybrid GP since "N’ on
normal GP B is often undetectable by normal antisera. The expression of s
in Dantu cells is of interest as the reactioh with various antisera is variable.
If the cell has a normal GP B pfeseu't with the s gene present then the
reaction with all anti s antisera would be positive as expected. In the absence
of GP B where the only source of fhe antigen is on the hybrid, the reaction
with the antisera may be weak (antigen is thus designated s*) or with some
antisera negative. The expression of U is dependent on the presence of the

& gene.
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The inﬂuenée of the Dar;tﬁ antigén on the invasion of Rfalciparum merozoites
has not yet been detemﬁned. Dahr et a1 (1987), however, suggest that since
| the Dantu phenotype occurs much more frequently in blacks than in
caucasians that it may confer a selective advantage against malaria. This
hypothesis has not to date been tested. It is of interest to note that the Wr®
antigen is absent from the hybrid moleculs (Blanchard ef a! 1987) although
the original speculation that this antigen is a receptor for Pfalciparum (Pasvol
et al 1982a) has been challenged (Facer and Miichel} 1984),

The Dantu antigen is rare in Southern Africa | and has not reached
polymorphic proportions, Table IX shows the results of a large unpublished

survey of various populations in the region (Moores 1992).

ORIGIN NUMBER POSITIVES
TESTED :
Durban B 500 0
* Cape Town 686 | 0
Port 303 1
Elizabeth : _
Namibia | 286 i)
Zinibabwe 923
TOTAL 207 2

Table IX Frequency of the Dantu phenotype in Southern African blacks -
tested with anti Dantu (Moores 1992). '

T id Glyeo |
Other hybrid glycophorins of both the Lepore and anti Lepore types have

been described. These express different antigens than the Dantu and the
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junction points are different. The (§-a) hybrid which expresses the Stones

(St*) antigen is composed of 99 amino acids comprising of the N-terminal 26-
28 amino acids of GPB and residues 59/61-131 of GP A Blanchard et al
(1987); Huang ef ol (1989). Huang ef al (1989) also showed the gene exists

as a single copy in the genome which is tightly linked to the oM and &S genes,

"The junction point of St* gene is shifted 12 codons upstream from that of the
Dantu genl'é. “The Lepore type (a-§) hybrid known as the Miltenberger class
| V7 (MiV) has also been molscularly characterised and it would appear that this

is the reciprocal configuration to the St* gene (Huang and Blumenfeld 1991),

Pasvol ef al (1982) using an undefined a-§ hybrid of about 56 amino acids
demonstrated partial iﬁhibition of invasion by Pfalciparum merozoites.
Treatment of these cells with trypsin rendered the cells slightly more resistant
1o invasion, Pasvol et al ..(1982) also noted that once the merozoite had

invaded these cells development of the parasite continued norﬁ:nally

13 4 Th ich bl igens.

~‘The Gerbich (Ge) blood group system is composed of a group of can’nohydrate
dependent antigens located on glycophorins C and D, They are defined by
a series of antibodies that were originally described by R;)senfield et al (1960)
in three patients from different parfs of the wcrld (New York of Italian

extraction, Texas of Mexican origin and Arhus Denmark respectively), Inall
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three examples the antibody was discovered when the babies of the patients |
concerngd had pd_siti\fe direct coomb’s tests on their cord blood samples. and
subsequent investigations demonstrated the anﬁbodies in the mothers sera.
In all cases the babies did not develop significant haemolytic disease of the
“newborn. Later more examples of the antibody were discovered and it
became clear that at least 3 different antigens were involved and the.c
subsequently became known as Ge:1, Ge:2 and Ge:3 respectively and since
they all occur -oﬁ almost 100% of all human red cells they are.tc.rmed public
antigens. The Ge:3 determinant is present on both GP C and GP D whereas
GP:2 appears 10 be located on GP D only (Anstee 1990). The location of
Ge:1 has not been deternﬁne'd_ since antisera to this is very rare. Both
glycophorins appear to be the products of a single gene (2q14-21) (Tanner et
al (1988), A mechanism by which the single gene codes for two proteins has
been proposed by Tanner er af (1988). They suggest that scanning 61:' the
initiation sequence of mRNA (the first methionine codon (AUG) from the §'
end) by the 408 ribosome may not be absolutely efficient and initiation may
only occur when the next AUG codon is encountered downstream, This is
known as "leaky” initiation. The mRNA for GP C has an AUG sequence that
wouldl give rise to an amino acid at position 22. Should the first sequence
initiator be missed the resultant protein arising from initiation at the AUG
sequence at position 22 would be a truncated form of GP C. This is in
keeping with the proposed sequence of GP D as suggested in a review by
Blanchard (1990). It does not, however, account for the presence of the Ge:2
antigen at the N-terminal of GP D which is not expressed an copies of the full

GP C. A possible explanation for this is that the sequence for Ge:2 is present
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on GP C but is masked by the configuration of the terminal 22 amino acids

which are not present on GP D,

The variant Gerbich types are determined in terms of their reactions with the

3 types of antibody and various patterns have been established.

Atttibody to
o | Geil | Ge2 | Ge:3 | Genotype
Normal - ' ' + + + | Ged23 (Ge2,3)
Gerbich (Ge) type . - | - | Gen2s Ge2n)
Melanesiant type Lo + | Ge-123 (Ge23)
Yus type ___ - - | + {cet23 @e23)
Leachphenope | - | - | - | Gel23(Ge23)

Table X Serology of the Geybich phenotypes
(Since Anti Gie:1 is rare the phenotypes are often expressed only in terms of
Ge:2 and Ge:3 and these are given in pare;lthesis) {Reid 1986)

The Ge and Leach phenotypes have the same serological reactions but are
clearly distinguishable framcéaich other on the grounds of red cell morphology
since the erythrocytes of the Leach phenotype are elliptical. Red cells from
all the other Gerbich phenotypes are normal morphologically although in
some populations other independently heritable conditions which give rise to

changes in cell shape may co-exist with Gerbich variants.

The defects which give rise to most of the various Gerbich negative states
have been characterised (Chang et af 1991) the notable excepiion being the

Ge-1,2,3 which is probably the commonest type in Melanesians, (Figure 7)
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summatises the exon deletions on the GP C (B) gene responsible for the
various different phenotypes. = The mechanism by which the exons are
deleted in the Ge and Yus phenotypes as proposed by Chang ef al (1991)
involves & tandem duplicate sequence of 3.4kb each spanning exons 2 and 3
This may result in. unequal crossover of homologous chromosomes with :
deletion of one exon, If fhe crossover is 5° to the misaﬁgned exons then the

Yus pheunotype is produced with exon 2 being deleted (Figure 8). The Ge

Exon Deletions in Gerbich variants -

Exon 2 — Exon 3 'l-'—lELﬂ‘-U——_ .

Normal

| Exon 2 |—{ Exon 4 ——

Ge Gene

—{ Exon 1 ——_&xon 3 —{Exon 4 }——

Yus Gene

Exon 1 |~

Leach Gene
Figure 7 The gene deletions which constitute the various Gerbich genes.

phenofypé is produced by a crossover 3' to the :nisaﬁgnment with deletion of
exon 3 (F1gm'e 9). The Leaéh phenotype represents a complete absence of
both GP C and GP D although only exons 3 and 4 are deleted. The resultant
protein lacks the mormal intramembrane and cytoplastnie domains and
therefore membrans insertion does not taks place (Tanner ;zt al 1988). Telén

ot al (1991) showed in one individual with this phenotype a single mucleotide
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| Yus Phe-})olype: 5 Crossover

_ Yus goena {top)
Figure 8 The molecnlar mschamsms of the exon deletions which result in
the Yus gene,

deietion within exon 3 that produced a premature siop codon. This results in
truncated GP C and GP D proteins which they presume are not .insérted into
the red cell membrane.

The fierbich negative phenotypes are rare in most populations throughout the
world with the exception of the Melanesians. In Papua-New Guinea certain
ethﬁic groups have a high proportion of Gerbich negative individuals (Booth
et al (1970) where gene frequencies fir Gerbich negative (Ge~) of up to 0.80
have bzen observed. (Booth and McLoughlin 31972). Subtyping .of the
Melanesians has shdwn that most of the Ge- in thls population are GE -1,2,3
which appears to be unique to this region, Some Mel . “sians are of the Ge |
plenotype (Ge-1,-2,-3) but no examples of the Yus or Lsach type have been
found, |
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' Ge Phenotype: 3' (rossover
34 6 Tandem fepeal
_Eoal Beon2  Exond Tvon 4

Exon 1 Exan 2 Exon 3 Exon 4

— Miealignmont of axonk

Even 1 Exon 2 Exon 4

Eson 1 Exon 2 Exon 8 Exon 3 Exon 4

Unaquel crod;_nn Gvar -

Exciit 1 Exan 2 Expn 4

30 gene ——> NN ] A
Exon 4 : Exon 2 Exon 4 Exon 3 Exon 4 i
e MR et RN 1 PR ——— .-
Ga gana {top)

Figure 9 The molecular mechanisms of the exon deletions which result in the
(e genes.

Pasval et al (1984) investigated the ability of Rfalciparum merozoites to
invade the elliptocytic red cells of a patient lacking GP C (presumably the
Leach phenotypé). This group found the parasite was able to invade the oélls
but with decreased efficiency ( about 57% of noi'mal). Serjeantson {(1989) in
a survey of the malaria endertic areas of the northern proviﬁces of Papua
New Guinea found a significantly smaller number of vases of infection with
Bfalciparum and Pvivax in Gerbich negative individuals than in Gerbich
positive subjects. There was no difference between the two groups with
regard to Pmualariae infections, This worker suggests that the iﬁcreased
deformability of Gerbich negotive red cells may be the mechanism of
resistance and this may be a selective advantage in the malarious areas.

Wesche et al (1990) (unpublished) showed that there was no significant
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difference in the invasiveness of Pfilciparum in an in vitro culture system.
This is contrary fo the epidemiological evidence of Serjeantson whose results
are not entirely clear as she chooses fo combine infections with 2 species
rathér than giving the individnal data. It is also not clear as to the ovalocytic
status of the patients used in the study. This is important since ovalocytosis
which does confer-innate resistance against Pfalciparum (Kidson et ol 1981)
is also com:ﬁon in Melanesia and is due to a defect in banci 3 (Lin et al 1990)
and is independent from the Gerbich bload group systern, This and other
groups (Saul ef al 1984, Mohandas ef af 1984) have concluded that the
increased rigidity of the membrane is the mechanism that blocks invasion by
the malatia parasites which is in contrast to Serjeantson’s view that increased

deformability is a factor.

The Gerbich negative phenotype has been recorded in at least two South
African families (Moores ef al 1990). The first of these (Coét, a man of mixed
ethnic origin) was phenotyped by Daniels (1982) as Ge:-2,-3 . The family
described by Moores et af (1990), also of mixed ethnic origin, is most unusual
in that in addition to being Gerbich negative (Ge:-2-3) the propositus also had

Dantu positive erythrocytes.

h objectives
This project had two main objectives. The first was to develop a relable
method of enumerating parasites in continuous culture. This is necessary in
order to assess the rate of merozoile invaéion in various cell types so that

comparisons can be made. The flow cytometer appears to be the instrument
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best suited to this task. Makler et af (1987) déveloped a method using

thiazole orange (10°M) which is a flnorochrome excited at 488nm with an
emission wavelength of 53011111 This is well snited to the instruments
employing the argon ion laser. Makler’s method was devei;ped for the
Becton Dickinson FACSCAN™ and needed to be adapted to the Coulter
Profile II™ which is available locally.

The second aim of the project was to investigate the ability of Pfalciparum
merozoites to invade and develop in red cells with variant or polymorphic
anﬁgéns present. The cells ﬁvaila‘ole for this included Henshaw, S-é.-U- and
the Dantu type hybrid. Unfortunately no antisera were available for typing

cells for the Flunter antigen,
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2.1 Blood Samples

Blood samples were drawn from random black blood donors who presented
themselvés for voluntary donation.;t bleeds organised by the South Adfrican
Blood Transfusion Service (SABTS) or the Highveld Blood Transfusion
Service (HBTS). Dantu cells were obtained by special arrangement from
‘blood donors at the Natal Blood Transfusion Service, Durban and from the
Provinc_ial Tissue and Im;gﬁnnlogy Laboratory, Cape Town. A single saniple
of the S-s-U- phenotype was also supplied by the Natal Blood Transfusion
Service, Durban. Al samples were collected in Acid Citrate Dextrose (ACD)
(Bectgn Dickinson Vacutainers™ 61111)‘\

2.2 Experiments

Several experiments were performed to assess the invasibility of Pfalcipanum
merozoites into the red cells of the various polymorphic varieties that were
av#ilable. In each case multiple cultures were done in 6 or 18 well micro
culture plates as according to the Candle jar method of Trager and Jensen
(1976) as described below. The inoculating cultures were ail concentrated by -
the gelatine sedimentafibn method and the 20ul of the resultant concentrate
of late trophozoites and schizonts wefe added to 10nﬂ of a 1% suspension of
the test cells and mixed well, This was then dispensed into the microculture
plates in 1 ml aliquots (18 well plate) or 3ml aliquots (6 well plates). The
initial dispensing of sub cultures into the microculture wells was done by &

third party and the code only revealed at the conclusion of the experiment.
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- All the cultures and the associated technigues were carried out under a sterile

laminar flow hood.

The cells were subjected to flow cytometry initially and thereafter every 24
hours for-72 hours. Cultures were not maintained beyond 72 hours since the

limitation of nutrients and the metabolic products of the parasites produced

erratic growth cycles which tended io become asynchronous. Y

hypoxanthine incorporation studies were also performed on parasites growing
in Dantu and Henshaw positive cells and compared to nortnal controls run
concurrently. All parasites were the FCR3 strain and wefc provided by the
Departni'ent of Clinical and Bxperimental -l‘hdrmac_ology, University of the

Witwatersrand,

The method of Trager and J’énsen (1976) as amended by Freese ef al (1988)

was used to culture the malaria parasites, The media and cells were prepared

as follows:-

L. The "incomplete” medium was prepared by dissolving 10.4g of RPMI
1640 with L-Glutamine (Efighveld Biochemicals), 5.94g N-2-
Hydrokyethylpiperazine-N"2-Btharesulphonic Acid (HEPES), 4.0g
Glucose and 44mg hypoxanthine were dissolved in 960 ml deionised
autoclaved water and mixed with a sterile magnetic stirrer and then
allowed to stand for an hour. Gentamycin Sulphate (50mg) was added

and the mixture filtered through a Sterivex-GS® .'0.22 pm filter
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(Millipore®) in 90 ml alignots into Schott bottles. This was stored
frozen at -20°C. B .

2. The "complete” medinum wﬁs made up by adding iﬁ.m.iz gmup AB
pooled complement inactivated human plasma and 42 ml 5%
Na,HCO, to 90 mi of freshly thawed incomplete medium.

3. The red cells used t¢ "ost the parasites were prepared from citrated.
whole blood by removing the plasma and buffy coat and washmg twi.ce |

in incomplete R¥.a{ 1640 medium.

The parasites were maintained in continous culture in 8001 flat bottormed
(175 em?) wlture.flasks__ (Nunclon ® A ) as a 1-5% red cell suspension in 25
ml complete RPMI 1,  .edium in an atmosphere of 3% Oxygen, 4%
Carbon Dioxide, 93% Nitrogen (Afrox). The medium was changed daily and
red cells were added“;vhen needétll to maintain & parasitaemia of aboﬁt 5%

 and an haematocrit between 2 and 10%.

2.4 Micro Culiures

This method was used to do all the experimental work as it enables many
cultures to be run in parallel, The total volume in each of the 18 wells was
Tml and parasites are best cultivated at an haematocrit of about 1%. The
atmosphere of apptoximately 5% CO, was obtained by placing the plate in an
unstoppered hefl jar znd burning 2 candles. Qnee a concentration of 5% CO,
was re.a'ched the candies stopped burning ﬁnd the jar was stoppeted and

placed in the incubator (37°C). The candle jar is illustrated in Plate 1,
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Plate 1 The candle jar used for the micro plate cultur¢-technique.




48
The techhique by Jensen (1978) was used to separate the mature trophozoites
and schi;.onts from the earlier forms and the uninfected red blood cells. The |
concentrates of these late forms were used to prepare subcultures in all the
‘experiments conducted. A miérograph of concentrated parasites is seen in
Plate 2. 1g gelatin was dissolved in the 100 ml ihcomplete RPMI 1640 by
heating to 56°C and was sterilised by filtering through # Sterivex-GS® 0.22
um filter {Millipore®). This was stored as a gel at 4°C and warmed to 37°Cto
_ Ilquy for use
The parasnes were concentrated as fallows 14
L 4mlof packed red cells were added to 6ml o{{ the wanned 1% gelatm
‘ solunon and 24 ml incomplete RPMI 1640.
2. Thls was mixed well and centrifuged for 5 minutes at 400g. and the
supernatant discarded. o
' 3.. 10 mi warmed gelatin solution and 10ml insomplete RPMI 1640 was
 added _té the pellet of cells and mixed iveH. and equal volumes were
| dispensed into 2 x 15 ml plastic centrifuge tubes and placed upright
immersed in water at 37°C.
4. The cells were allowed to sediment for approximately 30 minutes.

5. Sedimentation was deemed to have occurred when two distinet phases
became visible. The schizont and late trophozoite infected cells in the
upper plhse were collected into a separate cemrifuge tube and
centrifugeri at 400g and the supernatant discarded, The pellet, rich in

schizonts and late trophozoites, was used to inoculate subenitures for

the experimental work,
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Plate 2 Parasites after concentration by the gelatin sedimentation method.

the experimental work,
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Pfalciperum parasites in in vitro continuous culture loose the normal
synchronicity of their cycles that is shown & vivo. Sorbitol selectively lyses red
cells parasitised with the mature forms. The non parasitised and ring fofm
parasitised erythrocytes are left intact. The method of Lambros and
Vanderberg (1979) was used to synchronise the parasites in this project.
1. The contents of a culture flask (approximately 28 ml) was centrifuged
at 400g for Smin and the supernatant discarded.
2. The pellet wes resuspended in 5 times its volume of 5% D-sorbitol,
3. After 5 minute. the snspension was cenirifuged at 400g and the
supernatant discarded and replaced with complete RPMI 1640
medium, The desired haematocrit of between 1 and 5% was obtained

by the addition of fresh red blood cells.

7 Giemsa staining of blood films
Working Giemsa stain was prepared immediately prior to use by diluting 1ml

stock solution to 10ml with Phosphate buffer pH 7.2,

The thin blood films were air dried and fixed with methano! for 20 seconds
* and allowed to dry. .'I'hey were then plaéed on a staining rack and flooded
with working giemsa stain for 15 minutes, They were washed in running water
blotted dry and examined under a 100X oil immersion lens on the microscope

(1000x magnification), The parasitaemia was estimated by counting 1000

R AL R e, T N RTINS P TN
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cells in the well spread areas of the slide. The morphology of the parasites

was ideally studied by this method. The mucleus of the parasite stained red -

and the cytoplasm blue, Malaria pigmeﬁf stained poorly and remained iis

native brown colour,

2.8 Flow cytomeiry

Flow vytometry. using thiazole orange to stain the parasites, was performed

on the Epics profile II flow cytometer.

1

Stock thiazole orange (2Imh j was prepared by dissolving Img
Thiazole orange (MW 476) in 1ml of analytical grade Methanol, This

was stored in the dark at -20°C,

_ Workmg th1azole orange was made up by adding 0.5ul stock thxazole'

to 1ml Phcsphate Bufferad Saline for every test to be performed just
prior to use.

For each sample 1ml working thiazole orange was dispensed intd

75 X 12mm g]ﬁss test tubes and 2l of parasitiséd red cells wené _
added to (his solution. A negative control w prenared by the
identical technique but 2ul non parasitised ceils were used,

The tubes were incubated m the da‘fk for 1 hour at room

temperature and flow cytometry performed.

The Epics® Profile II flow cytometer (Coulter Corporation) was set up as in

Table XI and the histograms as according to Table XII, The target red cell

population was bitmapped as seen in Figure 10 to exclude any leucocytes
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which may interfere mth the analysis. Figure 10 also shows examples of the |
other histograms and with the data used to generate histograms 2 and 3 being

derived from the bitmapped area in histogram 1.

~_Sample Volume 200l
.' Sample Flow Rate 10 gl /min
“Sheath Pressurs 13.20 psi
‘I.X\,ser Power 15mW
T
- EMT Voltages
Side Scatter 300v
. Fluorescent 1 1000y
Fluorescent 2 ‘ v
- Gains Discriminators .
Forward Scatter 50 100
Log Side Scat 1 1023 N
Log Fludre;ccnt 1 i 1023

“Table XI The set-up parameters for the Epies™ Profile 2 flow cytometer
for the estimation of malaria parasites

1 Forward Log Side - Area 100
B Scatter Scatter | Bitraapped ! |
2 Forward Log Side In Gating 40
Scatter Scafter Bitmap 1
3 Count Log In Gating | 20-50
Fluorescent 1 Bitmap ¥
4 Count Forward No Gaﬁﬁg Auio
Scatter Scale

Table XII The histograms used in the flow cytometric estimation of Malaria
* parasites in vitro culture.
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The measurement of [H*] hypoxanihine incorporation was ﬁerformed to assay
the invasability of merozoites in a single parasite cycle. The technique used -
was that described by Chulay ef o! 1983), ‘The incorporation of [H%]
hypoxanthine as expressed in counts per minute (cpm) is directly proportional
to the rumber of merozoites successfully invading the red cells under test.
Providing the starting parasitaemias are appro:dmﬁtely equal this technique
can be used to compare the invasion rates of parasitaemia into different celi
types. | |
1. Stock G-[H’] hypoxanthine (approximately 1,0 mCi.) (Amersham) was
made up by reconstituting the lyophylate with 2Zm! 50% ethanol, This
wﬁs stored at ~20°C. |
2. Working G-[H’] hypoxanthine was made up just prior to use by
pipetting 2001 of fhe stock solution into a sterile tube. The ethanol
was eifaporated off under a stream of Nitrogen and the residue was
dissolved in 2,5ml hypoxanthiné free complete RPMI 1640 medium.

(this gave a final activity of approximately 40uCi/mi RPMI 1640).

Cultures were prepared for the assay by concentrating parasites from the stock
culture by the gelatin flotation method. A giemsa stained blood film was
examined to ensure that an adequate yield of late trophozoites and séhizonts
had been obtained and the parasitaemia estimated, A caleulated volume of
the concentrate was added to a 1% suspension,in hypoxanthine free complete
RPMI 1640, of the red cells under investigation to give a parasitaemia of

approximately 1%. A control red cell suspension was prepared using the
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Figure 11 The erythrocyticlife cycle of P.falciparum showing the stages
involved in the [H*] hypoxanthine incorporation test.

same cells but without parasites, 175u1 is of the respective cell suspensions
were dispensed into a flat bottomed microtitre culture plate with each cell
type and tﬁe control being assayed in multiples of 12 (e 1 m). The plate
- was incubated at 37°C for 24 hours in & candle jar. After 24 hours the
hypoxanthine free complete RIPMI 1640 is removed by suction and replaoed._.
A slide is prepared from one of the wells and the stage and number of the
varasites noted. 25pl Working G-[H’] lypoxanthine is added to each well
when it is estimated that the parasites are at the "16-18 hour" stage (young
ring forms are at the "0 hous" stage - see Figure 11), - The culture was
returned to the candle jaf and reincubated for 26 hours. The parasites were
harvested on a Titertek ™ Cell Harvester (Flow Laboratories) by washing the
cells in deionised water (which lysed the cells) and passing the washings
through Whaiman ™ glass microfibre filter under gentle negative pressure.

The parasite DNA adhered to the glass ﬁltér whereas the free hypbxanthine

was washed away, Pressed filter discs ( each corresponding to a culture well)
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were removed from the ﬁa_rvester and dried at 60°C for 20 minutes. The disks
were then placed in scintillaiion counter bottles and Sml of Aquagel 1™ added
.to each boitle which v.ere. then capped and counted on a B Scintillation
counter for 1 minute. .'I-T.le counts, expressed as counts per minute, were then
corrected for background by suﬁtracting the mean of the blank from each of
the test as.says. The mean of the corrected counts for each red cell type under
test was caleulated and a statistical evaluation done to detect sig_nificant.

differences between the groups.
.10 Blood groupiag

The cells used in this stndy were typed for the M,N,S,s and Henshaw blood

groups, The U groupwas done on any cells that typed negative for S and s.

Cells were prepared for testing by adding 2 drops of red cells to a 75 x 12mm
test tube and topping up with 0.9% saline. The cells were washed once by
centrifuging at 400g for 1 minute. The saline was decanted rapidly and the
cells resuspenﬁed. A volume of saline was added S0 as to make a final

suspension of 3-4%,

2101 M and N groups

The reagents used to type blood cells for the M and N antigens were
manufactured by Gamma Biologicals Inc. Houston Texas (Gamma-Clone®
murine monoclonal anti M and anti N). The method of testing as

recommended by the manufacturer in their package insert was followed,
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One drop of an approximate 3-4% suspension of red cells was added to one

drop of Gamma-clone anti-M or anti-N in 2 labelled test tube (75 x 12mm)
and mixed thoroughly. —This was incubatwed for 15 minntes ‘at room
temperature (23°C + 3°C). This was centrifuged tor 1370 seconds at 700g in
a Dade Immunofuge®. The cells were resuspended and the tubes were read
macroscopically for agglutination and ].f positive graded i:ccording to the

nomenclature shown in Table XIII .

The reagents used to type blood cells for the S,;s and U antigens were
commercially manufactured by Gamma Biologicals Inc. Houston Texas -
(Gamma blood grouping reagent ant{\;__—S, aﬁti s and anti U). The method of
'testing as recommended by the maﬁiii?ctumr in their i)ackage insert was
followed. N

One drop of an approximate 3-4% susﬁepsion of red cells was added to one
drcy of the appropriate Gamn;a‘-’clone aﬁti sera in a labelled test tube (75 x
12Zmm) and mixed thoroughly. | The tubes were then incubated for 15-30
minutes at 37°C., The cells were then washed 4 times with saline, Two drops
of polyclonal anti Human Globulin was added to the washed button of cells,

mixed and centrifuged 1 minute at 100g. The cells were resnspended and

read macroscopically for agglutination and the reaction graded.

210.3 Henshaw
The reagent used for Henshaw typing was supplied by the Natal Blood

Transfusion Service. The method of testing was as for anti-M and anti-N as
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described above but the incubation period was 30 mimutes at room

i
]

temperature,

2104 Controls

All the above described procedures were controlled as follows:

“The 'antibody identification panel A as supplied by the Natal Blood
Transfusion Service was used a source of poﬁitive and negative controls for the
anti-M,anti-N,anti-S,anti-s and anti-U reagents, The Henshaw reagent was
cunt:rol_led with strongly positive and weakly positive Heushaw cells supplied
by the Natal Blood Transfusion service. The antiglobulin test (Coomb’

test) was controlled with group O pasitive cells sensitized with anti-D

GRADE DEFINITION

4 Complete Agglutination

3 Large separate masses of agglutinates
2 Smallet agghutinates easily visible
1

Very small clumps which give a grainy
appearance macroscopically,

- © Negative,

Table XTH  Grading nomenclature nsed for blood grouping reactions,
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3.1 Bualuation of the Flow cytometer and Culture systems.

The precision of the flow cytometric enumeration of ma]aﬁéi parasites was
fdun& to be superior to the nﬁcro#copic method. The cc;.nefﬁcients of variation
in specimen_s reassayed 10 times on the fiow cytometer had co-efficients of
variation ranging ﬁ'om.ﬁ.SZ% at low parasitaemia down to 2.28% at a high
parasitaemia. A single sample diluted 10 times has a co-efficient of variation
- of 6.74%. Microséopic muﬁts yielded co'«efficients of variaﬁﬁn some 8 to 10
fold higher at a parasitaemia of approximately 295, This data is surrun.arised

in Table XIV and Table XV,

1 sample
Diluted 10 1 Dilution assayed 19 times
times

LOW MID HIGH  UPPER
RANGE RANGE RANGF. RANGE

Mean 133 0.92 4.52 952 1192
cv : 6.74 6.52 5.5 2m 2.28

Table XIV Precision of flow cytometry estimation of total parasitaemia based
on counts of 10 000 cells.
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4 Manual counts (5 technologists) | Statistics mannal
conars

Specimen | 1 2 | 3 4 5 Mean | CV (%)
number ' _ L
1 | 18 6.0 46 50 | u2 | 5712 | sam
2 | 18 | 38 26 60 | 90 | 464 | 5003
3 14 26 | 28 38 120 | 452 | 845
4 24 | 44 50 44 178 6.80 8191
5 16 | 24 | 28 60 104 | 46¢ | 6995
6 28 28 | 26 | 34 84. 400 | 5541

Table XV Precision of mauual estimation of parasitaémia based on counts
of 500 cells.

The regression plot of manual counts (mean of § technologist’s counts) versus

flow cytometry is shown in Figure 12 below. The correlation beiween the 2
methods was 0.322 (Pearson’s r) with the regression equation being:-

Y = 0291x + 1.727 whefe Y is the flow cytometry value and x is the manual
method value. Statistical analysis of the data showed there was no .sigxﬁficant
difference between the 2 data sets (t=0.68 p= 0.533).

A second assessment was made whereby an experienced malariologist assessed
the parasitaemia of 12 slides and this was compared to flow cytometric
analysis,.  The regression plot is seen in Figure 13,  The correlation
coefficient (r) is 0.311 with the regression equation being:;

Y = 226X 4+ 0.230 where Y is the flow cytometry value and X is the manual
method value, There was no significant difference between the 2 sets of data

(t= 1035 p= 0.325)
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Manual counts are done at the rate of 6 samples per hour whereas flow

cytometry ¢an be performed at 30 analyses per hour.

Serial cultures of the parasites in normal cells have a characteristic pattem.'of
parasite incremental increases pér '24,hours. Figure 14 demonstrates the -
erratic.growth patterns beyond 72 hours which occur as 2 result of increasing
amounts of metabolic products and substrate limitation as the parasitaemia
-increases. It is for this reason that the cultures used to evaluate the growth

of parasites in the various cell types were terminated at 72 hours.

10 —-———- ' ' . |
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< o ikt
0
(] 24 48 72 96 120 144

Hours In Culture

- ==Total

Figure 14 Serial eulture »f Pfalciparum in culiure using the flow cytc;meter
to estirate parasitaemia.
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32 1_1;‘_ haw vs contiol '
A total_oi; . 3°9anonymons bléxck blood donors in the Witwatersrand area were
~ tested for the Henshaw antigen and of thes_@'%? were fbund to be posiﬁve...
(9.27%). 'This gives a gene frequency of 0.5475. The cells selected for the
mala;i;:.\ studies were also _found to;arry the U antigen and either or both of
the S and s antigens. Ohiy strongly reacting (grade 4) Henshaw pdsiﬁve red

cells were vsed in this study.

The serial cultures of the Henshaw cells as compared to control are shown in
Figure 15 and the [H 'hypoxanthine incorporation in Figure 16. No
statistically significan; differences between growth cf parasites in control or

Henshaw f:ells
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Figure 15 \Henshaw vs control
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- Figure 16 [H?] hypoxanthine incorporation Henshaw vs control

- could be detected at any of the time points. Statistical analysis was done by

the Mann-Whitney test and expressed as the probability at time x (p,)

‘In the case of the coinparison of Henshaw and controls the probabilities were
calculated to be |

Pu = 100, py = 0.81, pp, = 0.14

Similarly there was no significant difference in the uptake and incorporation
of [H* hypoxanthine between parasites cultured in Henshaw positive and
Henshaw negative cells (p=:0.16). In this instance Student’ t test was used to

compare the data.



66
s

The red cells used in this experiment were provided by the Natal Blood
Transfusion Service and typed as:-

| M-N+,8-5-,U-,
The serial cultures using these cells (Figure 17) showed statistical significant
differences from controls. |

Doy =217 X 10%, pe= 6.15 x 104, p,, = 3.5542 x 10°

Since these cells were in short supply [H?] hypoxanthine incorporation was not

done,

14—~ m———

Relative Parasitaemia

Hours In Culture

- §ug-U- = CONTROL
Figure 17 S—s-U— vs coatrol
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Dantu cells were provided by the Natal Blood Transfusion, Durban aad the
Provincial Laboratory for Tissue Immunology, Cape Town. The Dantu

- positive vells used in the various experinients typed as follows.

Esperiments performed MIN IS [z U |He { Datu
Serial culture I N +

2 Serial Culture .' o fE e |+ |+ ] +
Serial Culture _ {1+ x|+ |- +
[H?] hypoxanthine incorporation . |

4 | [#] hyporanthine incorporation PO I D I U D

& = variable according to yeagent

Table XVI The MNS blood groups of the Dantu cells used in this report.
(Moores 1992, du Toit 1992).

Studies using Dantu cells in serial culture (Figure 18) have shown that the
parasitaetnia was significantly lower than in normal controls,

Pa =3.68 x 10 pg = 0.014 , p,, = 110 x 10-5.
[EL*] bypoxanthine incorporation (Figure 19) is 42% of that of normal cfmtrols
after 1 ¢ycle. The difference was found to be statistically significant on both

occasions that it was estimated (p,= 4.4 x 10p, = 3.66 x 107

A most unusual feature was demonstrated on the stained films of parasites
within the Dantu cells.  The schizonts produced in Dantu cells appear to
only have 10 -12 merozoites as compared to the normal 16 as seen in the
control cells. The number of merozoites in a total of 30 schizonts in Dantu

and control cells respectively were counted,
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Figure 20 Frequency histogram of merozoite numbers in Dantu and control
f'ells respectively :

‘The number of merozoites per schizont in the I)antu red cells ranged from 8
to 11 whereas in the control cells the range was from 13 to 16.  The
difference between the means of the two sets of data was statistically
significant (t= -18.5,p = 5.06x 10%) Examples of these schizonts can be seen

in Plates 3 and 4.
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Plate 3 Schizcmt m Dantu Cell
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Plate 4 Schizont in Control Erythrocyte.




4 CONCLUSIONS & DISCUSSION

v
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The use of flow cytome? ¥ to count paraéites grown in an in vifro culture
system ha$ addeﬁ a degree of precision evaluation of culnnes which cannot
be achieved by microscopy. The microscopic exﬁminaﬁon of slides is of grc.a_t
value, and indeed cannot be _replaced, in ...‘:xdymg the morphological
charactecistics of the parasites in their various ..'.stages.' There are, however,
Iimitations to the'ability'of a microscopist to produce an accurate count #s a
result of intrinsic shortcomings in attaining a uniform distribution of parasites

on the blood.s:_near. The other major advantage of. the flow cytometer is that |
the precision is greatly improved by the large number of cells it can maﬁne
over a short period whereas the microscopist is restricted to muéh smaller
numbers and m large series the observer is subject to fatigne, The
partitiduing of the flow cytometry histograms into low fluorescence
(representing the early stages) and high fluorescence (late trophozoites and
schizonts) is useful but the figures cannot be regarded as absolute since the
allocation of the channels is arbitrary. Further work on a sbrting flow

cytometer is required to establish the true partition parameters,

 The flow cytometry technique also has the potential to be used in two colour
studies whereby the parasite is stained with one dye (thiazole orange) and a
membrane antigen is tagged with another (for example rhodamine) which
emits light at a different wavelength to thé first. This would enable direct
comparison of a mixture of cells with and withot the antigen under study.

This was not done in this study because of the unavailability of anti Dantu and
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a suitable fluorescent labelled anti rabbit IgM required to label the Henshaw |

cells.

* The presence of the Henshaw antig.en on red cells does not appear fo have
been selected as a result of resistance to malaria.  Although the Henshaw
antigen is located on GP B its glycosylation is identical to that of fie negative
subjects. Thus the finding that the parasite invades He cells no differently
from controls is consistent with the findings of other workers (Cartron ef al |
1983) and: therefure supporting the :cbntention that the sugar side chaans are
the importaint components on the glycophbrin molecule for successful
‘merozoite invasion. It remains an enigma as to how this antigen arose and
wh1c];f¢ environmentsa] factors (if any) which mair_{tain the gene in polymorphic

frequencies.

The findings with respect to the S-s-U- phenotype confirm the findings of
Pasvol (1982) and Facer (1983).  These resulis, therefore, were # good
control in this study of a cell type in which invasion is impeded, This
phenotype s also of interest as the gene deletion may also be found in

association with some of the Dantu variants.

The Dantu phenotypes have not reached, and indeed are far removed from,
polymorphic frequencies in Southern Africa. However the observation that

Pfalciperum invades these cells with difficulty would suggest that the
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frequencies ﬁmy be highes in the endemic areas of Africa to the North of the
region studied in this report.  Since the Dantu™ variant has been associated
with  deletion of the S” gene as well as the anti Lepore type formation of the
§-a hybrid (Huang ef ol 1988) it maj be argued that frequeﬁcies of Dantu may
reach polymorphic frequencies #n similar regions to high incidences of the §*
gene, ’I‘he.re.are two possibié .feasOns for this, the first being the powerflﬂ
selective force of malaria operating in the region which would independently
select both 'pheﬁotypes. The other reason for the coexistence of both genes
is that malalignment of the glycophorin genes in the formation of the hybrid
may be facilitated by the deletion .of all or part of the GP B gene on one of

the chromosomes involved.

The mechanism of resistance of the Dant}i cells to Pfalciparum merozoites is
most likely due to inability of the parasite to utilize the abnormal glycophorin
as a receptor.  As the cells do contain normal copies of GP A albeit in
feduced amounts invasion is not completeiy blocked, The production of
schizonts containing less than t{he normal 16 merozoites is an interesting
observation and cannot be explained simply in terms of an abnormal

membrane receptor inhibiting invasion of the parasite.

Growth of Pfalciparum in red cells containing abnormal membrane prot-it.
was studied by Schulman e af (1990). This group showed normal invasion
of Bfalciparum by [H*] hypoxanthine incorporation and a normal pattern of
growth over the initial 24-48 hours in cells fmﬁ seven subjects with hereditary

spherocytosis (HS). After 48 hours the growth in six of the HS subjects .'
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showed a decline in tﬁe parasitaemia whereas the parasitaemia in controls
continued to increase up to the conclnsion of the experiment (144 hours), All
the cells pféducing the abnormal growth patiern were spectrin deficient. ’I‘he
graphical representation of the data of Schulman ef af (1990) bears a striking
resemblance to that presemed in this report with reference to Dantu cells.

However unlike spectrin deficient cells undérgoing invasion 'by Rfalciparum,
the parasite in the infected Dantu cells incorporates less [EL'] hypovanthine
implying that invasion is less efficient in the latter cell fype. The growth_ ¥
pattern in spectrin deficient cells is mterpreted by Schuhnan’s group as
abnormal development of the parasite in its intracellular environment but they
da not pravide any morphological e.vidéncé td support this. They speculate
| that the parasite requires a normal host cell cytoskelétal proteins for normal
development in the erythfocytic stage. A snggested mechanism is that the
parasite utilises the host membrane proteins in the prbduction of its own
mefnbranc. An alternative suggestion provided by these authors is that an
interaction may occur between the host and ﬁarasite during intraerythrocytic

growth.

It is not obvious how either of these models can be applied to the imp_airment
of growth in Dantu cells sincé the division of the trophozoite in the formation
of the schizont appears to be defective. It may be that in the case of spectrin
deficient cells a similar phenomenon occurs which would account for the
normal invasion of the parasites in the first cycle but in the subsequent cycles
the merozoftes are defective thus producing the abnormal growth patterns

observed. It may be speculated that the hybrid glycophorin Dantu relationship



with the integral proteins is such that it imPairs the normal utilization of these
protems by the parasite during mtrgerythrocync gruwth Further work is

reqmred to elucidate these mechanis;
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Serial Cultures. .
‘Henshaw CONTROL _

Howsin 0 24 a8 ) 0 u 4 7
Culture ’ 3
04 18 09 3.6 09 19 20 61

. 21 2.5 71 - 21 25 51

. 14 09 5 . 19 16 7.0

. 19 12 61 - 19 23 79
. 03 13 42 - 15 19 26

- 10 06 33 - 15 17 35

. 21 19 47 - 15 16 57

. 11 0.8 38 |, - 11 16 74

- 21 21 83 /| - 13 10 51

. 0.8 15 54 . 10 12 45
- Relative Parasitiemia |

100 200 100 3% | 100 21 2w 672

100 233 %78 7.83 100 2.33 28 672

1.00 156 1,00 628 1.00 211 178 772

100 211 133 6.72 100 211 2.56 872

100 0.33 144 461 100 167 211 2.83

100 111 0.67 339 100 167 189 383

100 233 21 517 100 167 178 628

100 122 089 417 1.00 122 178 7.83

100 233 3,00 9,17 100 144 111 561

| 100 0.89 167 6.06 100 11 133 4.94
Mean 100 162 1% 57 100 174 193 642
SEM 0.00 22 025 0.58 0.00 013 016 0.58
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o Henshaw CONTROL
Howsin 0 24 4 = | 0 24 & m
Culture _ o

220 893 917 1462 | 240 893 867 1602
683 5771 1232 03 597 1242
673 571 9 973 821 1302
853 837 1302 75 597 1282
6935 647 1162 953 917 133
653 627 1042 873 87 1652
583 531 902 673 597 131
733 567 1002 693 - 627 1242
703 677 1M 953 837 1572
693 727 112 693 567 1072
_ Relative Parasitaemia
100 406 417 664 | 100 372 361 | 667
100 311 262 560 | 100 293 2490 517
100 306 262 410 | L0 406 344 542
100 388 38 592 | 100 314 249 526
100 315 294 528 ) 160 397 382 580
100 297 285 47 | 100 364 365 688
100 311 244 420 | 100 281 249 5T
100 333 258 455 | 100 28 261 517
106 320 308 501 | 100 397 349 655

_ 100 315 330 505 | 100 28 236 447
Means 100 330 304 510 | 100 340 304 57
SEM 000 012 018 025 | 000 016 019 025

Comibined results
~ Henshaw SHONTROL
Hoursin 0 24 48 2 2% 48 72
Culture _
Meanl 100 183 179 645 | 100 174 193 612
Mean2 100 330 304 510 | 100 340 304 571
Owrall 100 256 242 578 | 100 257 248 59
Means _ _
SEM 074 063 068 083 055 o021
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1

SsU- ~ CONTROL
Housin O 48 0 0 un 8 ®
Culture ' _ _ :
e 05 w1 | o2 07 13 27
03 07 1 24 | |
07 04 09 18
o1 03 08 21
o Relative Parasitaemia
1 05 12 211 | 100 850 650 135
1 078 11 267
1 04 1000 2
o1 033 089 233 _ _
Mean 100 653 106 228 | 100 350 650 1350
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B §-s-U- 3 CONTROL.
Hours in 0 2% 48 y7) 0 24 48 y 73
Culture _ _ :
3.0 72 58 72 24 89 87 122
. 93 85 79 70 6.0 96
- 69 58 99 9.7 83 8.6
- 6.5 59 112 75 60 96
- 68 56 92 9.5 9.2 9.6
. 67 62 72 87 88 120
T 78 69 67 60 100
. 69 53 68 69 63 92
- 64 61 11.0 9.5 84 114
- 86 83 14.5 6.9 5.7 7.2
_ Relative Parasitaemia |
100 240 193 240 | 100 372 361 667
100 310 28 263 | 100 293 240 517
100 230 193 330 | 100 406 344 542
100 217 197 373 | 100 314 249 526
100 227 187 307 | 100 397 38 58
100 223 207 240 | 100 364 365 688
100 300 260 230 | L0 281 248 572
100 230 177 227 | 100 28 261 517
100 213 203 367 | 100 397 349 655
100 287 277 483 | 100 280 236 - 447
Mean 100 248 218 306 100 340 304 ST
SEM 000 012 013 026 | 000 016 019 025
Combined data,
5-s-U- | | CONTROL
Meanl 100 053 106 -~ 228 | 100 350 650 1350
Mean2 100 248 218 306 ¢ 100 340 304 57
Owrall 100 151 162 267 | 100 345 477 960
Mean
SEM 000 097 056 039 | 000 005 173 390
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523 Pantu vs control
~ Dantn B _ CONTROL. :
‘Hours in 0 24 48 ) 0 2 48 ”
Culturs B _
‘ 05 10 09 18 08 15 16 5.1
- 09 11 19 . 14 15 57
- 10 12 18 - 14 17 50
. 08 11 2.0 . 16 17 54
. 09 11 18 - 12 4 44
- 10 10 18 . 14 16 65
Relative parasitaemia : _
0 24 48 7 0 24 48 7”2
100 194 175 338 | 100 192 204 713
100 175 213 356 | 100 179 192 713
100 194 231 338 | 100 L7® 217 625
100 156 213 375 | 100 204 217 675
100 175 213 338 | 100 154 17 550
100 194 194 338 | 100 179 204 813
— — i
100 181 206 347 | 100 181 202 681
SEM - 006 008 00 | 000 007 006 036
Dantu CONTROL
Hours in 0 2% 48 7 0 24 48 7
Culture _ :
037 077 043 16 | 017 060 050 340
037 057 053 153 | 017 060 050 320
037 067 043 143 | 017 060 040 310
037 047 043 153 | 017 060 060 320
037 047 043 163 | 017 050 050 300
037 047 043 193 | 017 040 060 320
Relative Parasitaemia
100 208 116 441 | 100 353 294 2000
100 15¢ 143 414 | 100 353 294 1882
100 181 16 38 | 100 353 235 184
100 127 116 414 | 100 353 35 1882
100 127 116 441 | 100 294 294 1765
100 127 116 522 | 100 235 353 1882
Mean 100 154 121 436 | 100 324 304 1873
SEM 000 014 005 019 | 000 020 018 032
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Dantu CONTROL
Hours in 0 % 48 72 0 2% 48 7
- 0.4 0.6 16 23 02 0.6 09 27
04 09 16 23 | 02 07 12 26
| ~ Relative Parasitacmnia |
100 150 400 575 | 100 300 450  13.50
100 225 400 575 | 100 350 600  13.00
© Mean 100 188 400 575 | 00 325 525 1325
SEM . 05 . 0 0. - 025 075 025
Dantu CONTROL
Hours in 0 24 48 72 0 24 48 73
Culture _ ' :
Mean 1 1.00- 181 2.06 347 100 181 202 681
Mean 2 1.00 1.54 121 436 1.00 324 304 1873
Mean 3 100 188 4.  S75 100 325 525 1328
Overall 1.00 174 0 242 433 1.00 277 344 1293
méean
SEM 0.00 010 08 0.66 0.00 0.48 095 344
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