PCC. GARNHAM (%)

Studies on the life cycle of malaria parasites with special

reference to recent resentch on relapses of « Plasmodium

vivax » and allied specles and the discovery of a new stage
of the parasite (the hypnozoite) (**)

Befote cenbarking on the main tugic, T shoald like 1o draw attention 10
ceruain facrocs connected with the life cycle of malaria parasites. of 4 aore gencral
character, which have aol tecelved mich detailed study,

1. The arigin of malaria porssites.

As parasitcs, they live b two hasts — verwebrate and Invenebeate (Gam-
haw, 1966). There it a tendency to assame that the vesicbrote, the inverteboate.
and the passsite have roughly the same plhylogen; bt seems likely that there is
& range, spplicable o sl the hosis from the peimitive 1o chose exhibiting more
advanced. features, particslacly in the exocrythrocytie [EE.] suages.

Brielly, the seqoence is ax follows:

Reptiles (conflosd 10 topicy) maluria common in laasds; care in snakes
Inverebrate bosts arc varied — Pilebotourus, Culicoider, probbly culicine

itoes.

Binds (cxamopolizia) wide tange of yertcbrute hows; Invericbtate hosts are
specilly Ardez, culicoes, tarely Auopbeles

Mammals {confined ta Old World with 2 minoe exceptions — P. brasiliamum
sad P. odocoiei) vertebrate howts are specially pediates, focluding Man; loeal
spocies i othes Orders, including African rodents.  Taverichrate bost is always
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5. Human specics in the Americos probably represeat old world impar
tations.

In oeder w0 determine the cvolutionary sge of a parssite and lts hasts, s i
fiecestay to Yook at the sequences in the DNA siructure, but this has rarely been
suscmpted. Fossil evidence may give chucs 10 the hosss, but not o the phylogeny
of the parasite.

2. Chromabioiogy.

Each gpecies bas ity characteristic time-table — €g., tertian uad quartan
oularia which reflecis the duration of schizogony in the blood, But chroo-
biology affects more than the blood stages, eg. liver vages, sporogony, pumeto-
cytogencsis (Hawking pbenomenon) erc. But the pHenomena in any. ope specics
scem to posscss 5 defiule relacionship. Golgi described the blod eycles (hence
the name - the “Golgi cycle®) but he did not xplsin why the growing schizonts
fll intar siep, so. that they mature as the same hoar

3. Pathology.
The primary feature in all specics s the destruction of red blood cells, either

following the ruptuse of the schisont, or from 4 sonsperific and unknown cruse.
Tmmanity follows.

4. Gametneytes.

a) What is the stisulus for gametocyte production?

b) What is the factor which inhibits. Eametocylogenssis, e after frequent
blood passage of the parasite?

<) Modern culture methods (eg. of P. jaleiparum) result in the production
of visble cresceats, but the precise cytological detals ase waknown.

5. Rodeat mularia

Purzling questions remain [n research on these parasites, including

8) The very shoet exocrythrocytic (E.E.) stage - aceupying only 2 oe 3 days
{in contrast w the 513 days in primate malaria). Colrural features might
provide a clue.

1) Uniue absence of pyrexda in rodeat malaria.

€) Absence of the micropore in the sporotoitcs, though ik i preseat in all
other stages.

d) There is no stippling of the infected corpuscle in rodent malasia,
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Three inore peactical, but majoc problems selate to the following:

(8) Resistance of forartes 10 drags — new compands are nesdd, ad
possibly the Chinese 4, desived from the plaat Arfemests o
‘may be useful, s it s of & ture from the old drugs,

{ii) Resistamee of mosquitoes to tsecticides.

(i) The strong immunity which occors in maluria suggests thar vacdines
sy b el oo dicd 1oy (see Working
Grogp of Ponti

e

Recent Wosk o Tin Retarsn Prasositon

Relspaes In malaria hove bees recopnised sine the time of Hippocrates in
400 BG. Since that time, people o
cally no aempt wan made to
was insoluble until basic knowled s
viz. the discovery of the parssite in the blood and Tox cycde in the erythrocyte,
its trammission by mosqulioes and its development in the parenchyma celly of
liver,
1 do nox need o deseribe there 3 eycles (s Fg. 1. Bray and Garohem, 1962)

that subsequent development in the vestcbrate it entinely depeadent upon the
introduction of sporoevites,  Geassi (1901) knéw, of course, the detals of these
fist two cycles and even had an inkling of the dhind. Tn his schems, be placed
a question mark between the sporcucite and the blood cycle. Today, we can

substiate the hypnomoite for the blask, The firt due to the odgin of
relapacs was provided by the discovery of exveryhrocytic development in the
Tiver

Firar, let us clarlfy 2 points: 1) the species of malaria parssites in which
relapses occur and 2) the terminology of “relipses®. For some unknown reason,
it i only those spocies which prodice Schuffner's dots in the Infecsed red blood
cells that exhibis the relipee phenomenan wiz. {n man, P, pisax and P. owdle,
and o moskeys, P cymomoly, P. simioedle, P. fields; alo P. schwetsi of chim-
pansces and gocillas and P. silvaticum of orang-utans.

‘The draftiog commitiee of WHO limited the troe “relapic” 1o renewed
manifeswations of pursitseniia which are the direct product of r:ocry‘hmtk
schizogony, and which can enly oceor after sporoavite inoculation. A *
descence™ on the ather band is @ teoewed manifestacion of parasitsemia oy
the survival of erytbrocytic form of the parasite snd may occuc in all species
of maluria pusite . P. falclporum snd P. weelarioe in man o P. nanesi
snd P, inid, etc., In the mookey (Garnbam, 1966),

Corradenti' hay often. pointed out that it is impossible to distinguish, i
piactice, betweon o relapie and @ reeradescence.  He (1981) emphasized the
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Fig, 1. - The Blexycls of & primac malula parssise.
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pross. inaceuracy of uting the term “relapee” for those cases of P. sirax malasia
in. temperae or subtropical repions; In which delaped prepstcncy — up 1o
8 years oc more — 5.8 charscweristc fearure, He rightly cally them delaped
primary artacks.

When Colonel Shartt and 1 (1948b) first drew attention 1o the presence
of E.J. schizanis in the liver of mookeys three and a half months afier we had
nfected them with the sporcaoites of P. cyuomolgi, we sssumed that here were
the bodies sespomible foc relapses aod we quickly formalsted the theocy  thar
repeated ELE. schisogony took place in the liver and that s few meroasites
reinvided hepatocytes. instead of erpthrocyies.  Immunity gradually descloped
and cur short the blood infection destroying the stream of merosoites. from
the liver; immunity cvenmually. decined, the animal became - mceprible, - the
mcromites procecded to develop in the erythrocytes, and initisted n relapse.
But according to our original thenry, showens of EE. meroeoiies should continue.
10 be produced and immanity would persist as the antigen would aheays be

o

Several people, including Sir Neit Hamilion
# theory was umaceepisble also because:

1, What happens during prolonged preputency, fe. when parasites do nor
appear in che blood until loog after (months o even yeans) the normal in-
cubation period?  Acconding to our original theocy there should be a limited
rumhber of histotropic meramoitcs at the end of cach schizogonie generation dn
the liver and either parasicsemin must ensue, o immunity may inhibir the
maliiplicarion of the parasites in the blood. Bat, no perasites are found in the
blaod untl the ¢nd of the prolinged prepatent period. And, no immusity Is
present, because, if blood parssites are Inoculated during this negasive period,
4 normal parssissemsia will at ooce arse, showing that immonivy must be shsent

2. A redurtion in the mumber of sporosotes of P. uivax (P. cynomelgi aad
P, simfopate) inoculated, is followed by a similar redustion i the mumber of
relapses (Contacos and Collins, 1973).

of the parasito in some form or ocher seems to be the caly ev

planstion of these queries, and for s long time, the existence of @ special body
— the X bady of Shute (1946) or the dommozaita of Markus (1976) (a name
luter changed 1o hypnozolte by Garnham, 1977) — was mrongly suspected,
But all attempts o find o parusite in o state of lnency foiled — unel the recent
work of Krotski aad his collsborators (1980), when hypnomiies were de-
‘monatrated.

Hypoesites are only found in infoctions. of spesies which exbibit mhpon
— such o5 the wisx growp.  On the contrury no hypaosoites could be found
in species in which relapses were absent, such = P. kuowesi (Bray e ol 1983),
of P, melirie. The hypocscite, theory of relapees wis confirmod by many
e experiments.

Goloe! Sbortt dissgrees with our now thoory sod has an imporsant. paper

ey (1949) stated that such
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ing his vicws in the October mumber (1983) of the Tramacrion of

Soctety of Tropical Medicine and Hygione. The paper is followed by cor

refutation (Garnham ## al, 1983) of bis argument, though I disliked 1o reaegue
hosti Garnham  theory.

1 now peopose to describe shorily the cvents which started in 1578 3¢ the
h wernationa] Congress of Parasitology in Warssw. Dr. Krotwski approached
the suggestion that be and [ should 1y to find what happened
A i e body of the primate — and thus complete
the sy of the life cycle (except for the interpresation of the relapse pheno-
mgpon).  The date was exsedly 30 years after the ariginal discovery of Shar
und myself. In the interval, Krowski had dnwlnpcd with much success the
techaique of imimuno-fluorescence 1o den pasasies in the liver;

T show e i werk wis W Colli 4 Adlots S0 1976, 4 T was
sed with @ new star in the fimmament of malariologists,

i my colleagnes and T in England should inoculate rhesus
soakeys with millions of sporooites of P, eyvomalt from infecied salivary
ghands of mosquitocs, then to take biopaies of the liver at appropriste intervals
i order o watch. the developement of the sporozaite In the osgan. The Carooy-
fixed mterial was exsmined in Englind by the special GiemeColophonium
technique ‘and o duplicat .. Krotoski in New Orleans for the

(IPAT and Giemsa) to detect 24 the
expected EB. schizonts in the 46 hour biopsicr. 1 ascribe this failure to the
possibility that, when the sporamite penetrates the host cell, it loses its ovter
membrane; the latter contains. the sniigen which reacts in the IFAT. The

it takes nerly 2 days to become reformed n the sirface cout of the developing
EE. schisont. The sormal doration of growth 1o maturity of P. e’ and
allied species s 8 days,

Tt thos scemed thar our first arempes to detect the earliest dewclopment
of the sporomolte were a e copeatad the experiments several times,
and extended. the time of biopsies at both ends of the scale, vir. a5 eatly w8
5 minutes aiter noculation of sparoavites and up 10 229 days later.  As before,
nothing was visible in the liver during the first 36 hours, but the latcr biopsies
showed, of course, the normal cycle of growth of the EE. shizont up o 8 days

{anul persistence af hypromoiies up 1o 229 days).

Our fist objestive, ., 10 observe the carliest development of sporounites
in the Hiver was thus & complete falhue! Bur, instead, in the course of the
same cxperimenrs we salved the mynery of relapses, and demosstested the

longsoughe latent stage of the mal
parenchyma. eclls' of the liver.

parssite — the hypooznite — n the

In the 7 day mateelal, Krotoki's ep¢ was suddenly strick by the appesr.
ance of tiny, stwongly fluorcscent, bodies in the sections exposed to the TPA
He immediately phoned.us in England and we replied. *Mark the exact location




— 18—

of :bc ﬂummm bodies and restain the sections by the Giensa Colophanium

difficulty were able. o detect. the hypnozoite, The vxaminasion of the e
bas 10 be doas wader 1/12 objctive, and every ingle parcnchyma el
e s e e
i e OF st TYAT, o st ol il

moee casly observed — and under o lower magnification. 1 need 1o stress the
impottance of using very large mumbers of visble sporceoites (up to 80 million),
and selatively saall monkeys with correspoodingly small livers. The biopsy
st be taken aftes laparoioy, in owder 1o get a good piccs of dssue. A biopsy
needle s quite useless.

Hypnomoites of P..c. bastiancllii have now been found st the following
times: 3 days, 5 days, 7 days, 12 days, 14 days, then ar weekly intervals unuil
56 days; then at 77 days, 91 days, 105 days in the first cxperiment, I the
second experiment, the timing of the biopsies was diffecent, because they were
taken a1 2 day intervals berween the 49th and 62nd days (7 blopsics) in oxder
10 sec if n synchronous growth of reactivated schizonts could be detected. But
unfortnately at this stage of the infoction, e wartng 7 weeks afier the
inoculation of spororoites, resctived schizonts were too mre to get a clear
picture. In this experiment, the numbers of hypnowites were much higher,
but they began to decline aftes sbout 13 weeks — corresponding to.the expected
time of the first relapse in P. cymomolg) nfections. Our theory s that some
hypaczoites become resctivated sbout his time and in this strain, but many
remain latent — a5 was seen in another experiment when biopales were oon-
taued wail Day 229, when hypooawiics were: {ound also at 140, 168, 196
and 229 days.

There are 2 points which T wish to emphasize:

1, The sizz and morphology of the hypooaoite remain practically the same
from the Tth day o Day 229, On Days 3 and 3, the size is slightly smaller
— iz 38 wm on Duy 3; oa Day 7, the average dimeasion is 4.7 jum, sod ihis
dlze persists undil the last biopsies, with a alight increase 10 5.7

2. The kypoavite throughous the periods remains uninacleare.  The ncléas
i# . remarkably distince objest after Giemsa stainingy it is wsnally anglar o
irregular in oatline and s surrounded by a pale pink halo, The cytoplasm is
geanular and light bluc in coloar. A thin bot distince membrane encloses. the
parusite. A targerdike appearsnce s most characeeristic and aftes practice one
it able to ieatify the hypoozote with fncreasing faciliy.

Our hypnozoite théory was confirmed (1982) by experiments thar we carried
our, using 2 straine of P pivax, in splencctomised chimpansecs.  As in the
simian species, we found identical unisucleate bodies, 4-5 im in dismeter, 7 and
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10, dags afier inoculation of 2 million sporozoites of the Chitson sirain. and
10 million of the Nosth Korean strsin, We had previowsly charicterlsad these
two. strains in observations on human paticnts. suffering from cerebral syphills
who were being treated by *malaria thetapy”. This was in collsbarstion (1976)
with our Rumanian colloagues, Lupascu, Braezei and Unguceans. 1 shall not
g0 into detail bt would point oot that the Chesson suitin bus u pormal in:
cubation period of (minimum) 8 days and late relapses while the North Korean
wery frequently exhibits prepatency for 230 days — or in 1 cuse 629,

The latter strongly resembles the Moscow strsin of P, sl which Nicolaiew
(1945) hassed . 0. bibernass because it invnrlably *hibernated” afrcs sporaznise
induction.  Very secent wark by Chincse parssitologists, Jiog Bo Jiaog, at the
Sun Yatsea University in Canion (Guangzhou), bas revealed another form of
wivax malaria with o prolonged incubation period — which was named P. pinex
maltiicleation. Seven volunceers had incobatich periods of 236441 days.

It is clear that many straios o sabepp of P. wiose exist and undl they are

by thelr {soemaymes or by oiher biochemical propertiey, the txxo.
somy must vemain provisional.

Hyprozoites have now been demonstated in seversl subspecies of P cyno-
el of monkeys and in 3 strains of P. vax. Tove relapees have been found
in P. weale of man and in simisn ad ape species — P fieldi, P sineiovale snd
P. schuwetst; hypoozoites have not yer been seen in the last three parasites, bat
they surely exit. Al hose species bave another common character — the
infecied red blood cells are heavily sippled with Schiiffner's dots

We have further negstive evidence to support the hypoamite theosy. Ti s
ooly those species of malaria parasites with long rorm relspses which exhibit
bypucacites. The cxperiments, wsing very heavy doses of sporooites of P,
faulers, revealed oo hypoosoites in biopuies done on the Sth and 42nd days
aftcs sporzdite infecion.  Similuely o byseeoites could be found by the TFAT
o0 old lives blocks containing very mmeron exocrytheocytic schizonts of P, me-
Larise and P. faleiparuim, while the exsmination of oid blocks containing P cyre-
molg and P. wieax revealed hypooaoiies without diffientry.

Primaquin, ia conttast 1o blood schizonticida] drugs, has & dircce action o
exoerythrocytic stiges of the pamsite. We thercfore warched ins action oa &
mankey which had been inoculated with 73 million spowsoites of P. ¢, hetli
meil; B days later parasites appeared in the blood, and hypozites were fourd
in ita liver on the Sth, 205t and 28tk days. On the 35th day it was given
primaquin (0.5 ma/kg) daily for 14 days; two further biopsies were taken o
the 49th and 915t days — but hypnasoies were absent, I the control monkey
(inoculated with 46 million sporoaoies) hypaoaoites were found i 9 biopsies up
t0 Day 103, Examinations were done wader “blind” conditions. The parasisi
cidal effect of the drug,indicaies that the hyproamites were visbie.

Otbet confirmatory evidence regarding the nature of the hypoomite wes
provided by substituting en immunoperoxidase technique in plsce of IFAT an
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theliver sections (Cogrwell e al, 1983). Siilar sesulis were obiained, and
the advantage of this method Is that the secions can be prescrved Indcfinircly.

We begn this research with another  chjcctive, which was nor achieved.
However, in the mesntime the fare of the sporomite on entry into the liver was
discovered by sevecal groups of Investigutons, chiefly with P. berghei snd working
by 2 methods: 1) i sitro observations on tissue cultures of hepatocytes infocrod
with sporasoites by Lambiote and Landsu er a, (1981) in Paris, and Holling:
dale and Numenrwelg {1984) in the US, who observed growth to maturity of
the parssite and 2) in vivo infection of rats in which specimens of
taken 10, 15 minatcs ar later for clectron microscapy, by Meis, Meunissen ef .,
(1984) in Nijmegen. These Duich workers showed clearly that  sposoanites
entered the Kupffer cells and remained wisble for a short time; if they survived,
they pussed through the Kupffer cell and into the hepatoeyte: others however
went directly inta the liver cell, Masier of al, (1985) has had some success
with cultures of hepatocytes, 1ed with sporozoites of Bewrilian and African
wrsins of P. falciperum. Moo of this wock unforwnately has thrown any
light oo the ultimate fate of hypnooites of the vivax group, which would entail
mainiaining the culiuses alive for montss

ended my cofutation of Col. Short's exiticism of cor hypnosolte: theory,
by lising a fow of the cumanding problems which sill noed rescasch. [ men-
tion theee bere becawse it may be that the Accsdemis Naziomle delle Scienae
will be sble to stimalate work on. some of them:

1. The naturs of the wigger which reactivatcs the hypaussites.

2. The nature of the difference between sparamites of the Chesson (with
no delayed prepatcney) and the N, Koresn (usually wirh delayed prepatency)
mﬂhh‘ by the use of monoclonal antibodics, oe by cbserving the ultrastrucrure.

The transformation of the hypaoeoite into the active stage. m okt
P prolonged culiure of the 2 types of

4 Surch for an easier simian model for further hypnossite studies and
relapscs, e mbstinate Aotir foc chimpanzees for P, wivee work; initiate work
T P, simionde snd P, fikd vaing chesay lmlar crpuiansas with . ooue.

5. Chanscrerise biochemically a) stoaing of P, pirex and b straing of P. e
Larise, P. brariliamn, P. insi (35 control).

Such work would aced the following.

L. Expertise; Suitsble cundidates would need tnaining in special metbods,
e W the London School of Hygiene and Tropical Medicine (Draper; Peters);
Imperial Colloge of Sclence and Techuology (Beay, Killick-Kendrick, Sinden);
Masée National d'Histoire Naturelle, Paris, (Chabsud, Landau); Division of
Parssitology, New York University Medical School (Vanderberg, Nussenrweip):
National Instivitcs of Health, Bethesda (Gwads, Miller); Hansen's Diseuse Cen-
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tre, Carville, Lovisiana {Krotoski); Centers for Disesss Control, Atheots,
(Collias) and ceriain oiber Insitates such as Isitato Saperiore di Sanich, Rome,
University of Nijmegen, Medical School, Holland.

2. Fully cemmi pavasitelogical laboratorics, inchiding first dass insectories
od on for primates.
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