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ABSTRACT. 

Studies on the development of r es i stance in e xperimental 

murine schistosomiasis 

by 

Quentin Bickle 

Experiments were performed in mice on resistance to challenge 
with Sch i stosoma mansoni and S . mattheei cercariae following previous 
bisexual . s ingle s ex or irradiated infect i ons . Resistance to reinfection 
was demonstrated following bisexual infec tion with S . mansoni using out ­
bred T.O. mice and it appeared that such r es i s tance was not stimulated by 
cercarial transformation products. T. O. mice from three different sup­
pliers exhibited marke d ly different levels of r es istance and mortality . 
Bisexua l infection with S . mattheei resulted in re s istance to both honK>­
logous c hallenge and heterologo us challenge with S . mansoni. Infections 
with S . mansoni worms of one sex only. st imulated s ignificantly l ower 
resistance than light bisexual infections . Inject ion of eggs alone 
failed to stimula t e resistance . suggesting that both worms and eggs may 
be required. 

Studies on irradiation of S . mansoni and S . mattheei s howed 
that the minimum radiation doses required to produce ste ril e infections 
were 2.3 kr and 2.7 kr respectively. due predominantly to sterilization 
of the female worms. Radiation-induced death of 2.3 kr-irradiated para ­
sites occurred mainly in the liver. but higher doses resulted in death 
ea rlier in the migration pathway. with parasites exposed to 40 k r dying 
at the site of infection . 

Varying lev~ls of resistance followed perc utaneous or intra­
muscular infection with larvae irradiated with 2.3-160 kr. This resist ­
ance was demonstrated by significantly reduced worm and er,g burdens and 
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by longer survival of the vacc inated mice. Maximal resistance was demon ­
strated earlier following vaccination with highly irradiated parasites 
(20-40 kr) than with 2.3 kr-irradiated parasites, although comparable 
levels were eventually reached. The resistance was not transient , being 
demonstrated 17 weeks post-infection. Neither unirradiated male parasites 
alone nor dea d irradiated parasites could confer resistance suggesting 
that, in the absence of eggs, death of the parasites within the host i s 
ner.essary for the induction of resistance . Resistance was not increased 
by varying the number of irradiated larvae , the number of vaccinations, 
the route of vaccination or by the s:1.multaneous administration of B.C.G. 
Irradiated S. mattheei infections conferred only weak resistance to homo­
logous chailenge and vaccination with irradiated S. mansoni or S . mattheei 
failed to confer significant resistance to heterologous challenge. 
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CHAPTER 1. INTRO DUCTION. 

1.1 The existing measures for controlling schistosorniasis , includ-

ing cherrotherapy , mollusciciding and improved water management, have 

not prevented the spread of disease (Terry, 1973 ). Therefore, there is 

considerable i nterest in attempting to develop vaccination procedures . 

This thesis is conc.erned with the de velopment of resistance to Schisto­

soma mansoni and Schistosoma mattheei in the mouse, with particular 

emphasis on vaccina tion with radiation-attenuated larvae. The studies 

were aimed at developing optimal vaccination procedures that would con­

sistently result in a high degree of resista nce . It was hoped that 

such studies carried out with the human parasite would (a) help estab­

lish the feasibility of developing a highly effective live vacc ine for 

testing in primates and, hopefully, subsequently lead to vaccination 

procedures against the human disease, and (b) result in the development 

of a non-pathogenic method of inducing resistance for studying mecha­

nisms of resistance in mice. Induction of resistance in the absence of 

mature worms and the eggs they produce is potentially useful for iTTDTluno­

logical studies on resistance in that the host is exposed to a more re­

stricted number of antigens. Also the severe pathology associated with 

schistosome eggs and the consequent host mortality are avoided. More 

specifically, for example, the effect of rigorous T-cell deprivation on 

the development of resistance has proved rather difficult to study as 

deprived, infected mice die soon after patency, suffering liquefatic 

necrosis of liver tissue surrounding trapped eggs. The studies with the 

sheep and cattle parasite, s. rMttheei, were performed in parallel with 

experiments carried out by Dr. H.G. Taylor at Winches Farm Field Station 

aimed at developing a live vaccine against ovine and bovine schistoso­

miasis. Apart f'rom the economic benefits that such vaccines may produce 



in developing animal rearing areas of Africa , it was hoped that devel­

opment of the cattle and sheep vaccine in a natural host/parasite 

system would help elucidate the feasibility and methodology of devel­

oping a vaccine against the human disease . 

Previous attempts to vaccinate experimental animals with 

irradiated cercariae have proved encouraging particularly in the~ 

iaponicum/rhesus monkey ( Macaca mulatta ) system . Nevertheless , inter­

est in the development of an irradiated vaccine against S. rnansoni in 

the rhesus monkey waned in the 1960 ' s with the demonstration that a 

large number of irradiated cercariae had to be given in order to stimu­

late resistance. Rodents have also been used as experimental hosts for 

investigation of irradiated vaccines but the re is a lack of consistency 

between the published results of different workers . However, in view 
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of the failure t o induce resistance consistently in any host with non­

living preparations of schistosomes, it was considered that a re-evalua­

tion of the resistance induce d by irradiated infections was worthwhile. 

The mouse was chosen as the experimental host largely because of its 

cheapness and convenience. Its possible relevance as a model for 

schistosomiasis is considered in Section 1.2.3. 

This thesis is presented in 8 chapters. Thi s , the first 

chapter. c omprises an extensive review of the literature concerned with 

the development of resistance by TMn and experimental animals against 

schistosome infections with particular reference to S. mansoni. The 

materials and methods enq:,loyed are described in Chapter 2. Chapter 3 

contains a group of experiments concerned with the induction of resist­

ance using primary bisexual infections with unattenuated parasites of 
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S. mansoni and S. mattheei. These were initially undertaken as a base­

line for the studies using attenuated infections and include studies of 

the effect on resistance of the size and route of administration of the 

primary infection and of the strain of murine host. Chapter 4 is con­

cerned with resistance following infection with worms of one sex. Such 

studies , initiated on the widely held assumption that the adult worm 

alone is responsible for induction of resistance , were aimed at develop­

ing a relatively non- pathogenic and antigenically less complex procedure 

for induction of resistance in the mouse for the purposes of mechanistic 

studies. Chapter 5 deals with the migration and development of gamma­

irradiated schistosome larvae in the mouse and the pathological conse­

quences of such infections. These studies provide information on the 

longevity and site of death of larvae exposed to doses of radiation in 

the range O - 40 kr , which have been studied for their resistance - ir,duc inc 

potential. Chapters 6 and 7 contain the studies on the parameters in­

volved in the induction of resistance by vaccination with irradiated 

S . mansoni ands . mattheei r espectively. Chapter 8 comprises a summary 

of the results obtained and conclusions drawn. 

1 .2 Literature Review - Evidence for t he development of resistance 

and for the involvement of the immune system in resistance to 

S. mansoni and S. mattheei . 

It is not proposed to review the whole subject of 'immunity' 

in schistosomiasis as this has been done elsewhere (Stirewalt, 1963, 

Smithers and Terry, 1969a and 1976; Smithers, 1976). Throughout this 

thesis care has been taken to avoid use of the term 'immunity' as a 

synonym for 'resistance' because the immune system has not, in the 
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majority of instances been implicated as the mediator o f resistance . 

Attempts to establish the key factors governing resistance are p l a gued 

by the fact that a wide variety of experimental hosts and schistosome 

species have been studied and findings in one system are not necessarily 

applicable to others . Thus the following literature review has been 

largely restricted to studies of S. mansoni in man , subhuman primates 

and the mouse and of S . mattheei in sheep . Evidence that man develops 

a degree of resistance under natural conditions would encourage attempts 

to develop prophylactic vaccines although an absence of such evidence 

would not preclude the possibility of artificially inducing resistance 

and ' improving on nature'. A knowledge of the pattern of infection in 

man also provides a useful framework in which t o analyse the possible 

relevance to the human o f results observed in experimental animals. 

Research workers have inevitably turned to the use of experi­

mental animals for studying resistance to schistosomes. Of the sub­

human primates, the rhesus monkey in particular has been extensively 

used. This Asian monkey had initially been used in studies on S . 

iaponicum (Vogel and Minning, 1953) and was relati vely easily available 

in the l96O's for the studies using S . mansoni. The rhesus was found 

to devP-lop marked resistance to reinfection and many of the currently 

held ideas have been derived from such studies . However, the rhesus 

is not typical of subhuman primates and different results have been 

obtained using the African Cero:>pithecus monkeys and also baboons (Papio 

spp.) and chimpanzees (Pan satyrus). Of the rodents, both rats and 

mice have found fa vow• at various times over the years. The studies 

using mice, the experimental host used throughout the experiments re­

ported herein,are extensively reviewed. The rat behaves very differ-



ently from the mouse in its response both to infection and reinfection 

withs. mansoni, showing a high degree of natural resistance, failing 

to develop persistant chronic infection and showing only transient re-

sistance to reinfection. The literature on the rat is thus not dis-

cussed here but is introduced where considered relevant. 

l. 2.1 S . mansoni - Man. 

Several authors have reviewed the evidence that man develops 

resistance to reinfection with schistosomes and their conclusions vary: 

"Undoubtedly man ( and animals ) acquire immunity to sch i stosomes" 

(Smithers and Terry, 1969a); "Clinical data f:rom human infections, how­

ever, Bi ve almost irrefutable evidence of man's acquired immunity" 

(Stirewalt, 1963) ; "This concept (that resistance to reinfection with 

schistosom-sis common and must be the factor controlling the prevalence 

and intensity of infect ion), unsupported by hard data and explainable 

by other factors, has had a stultifying influence on research" (Warren , 

1973). Direct or fortuitous experimentation in man, based on known 

exposure to schistosome cercariae with the subsequent demonstration of 

the presence or absence of infection assessed by faecal egg output , 
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has naturally been limited and in fact no such data exists for S. mansoni 

infections. 

The circumstantial evidence provided by epidemiological 

a udies can be interpreted as supporting the concept of acquisition of 

resistance to reinfection by man. In the majority of endemic areas 

studied, both the point (a ) prevalence of infection and the intensity 

of infection ( eus/gm. faeces) increase to a peak, usually in the 



second decade of life, and thereafter decline . Such a pattern is 

particularly typical of areas endemic for S. haematobium, and mathe­

matical analyses strongly indicate that acquired resistance is playing 
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a fundamental role (McCullough and Bradley , 1973 ; Bradley and McCullough , 

1973 ; Wilkins , 1977) . With S . mansoni,which follows a similar trend, 

the decl i ne is not always so pronounced but Omer et al.(1976), reporting 

on the pattern in the Gezira region of the Sudan , found that the preva­

lence rates rose steeply to a peak of about BO\ between the ages of 10-

20 years , and subsequently declined ; this fall was more dramatic in 

females (to 20\ by 45 years ) than in males (to 40\ by 45 years) . Egg 

output dropped concurrently from around 600 to 300 eggs/gm. of faeces . 

In a study by Siongok ~- (1976 ) in Kenya , prevalence ra t es of almost 

100\ were reached by 20 years, subsequently decl ining to 70\ by 40-50 

years. Females showed peak egg intensities of 1,000 eggs /gm. of faeces 

at 10-14 years, dropping to 300 eggs/gm. of faeces at 20-24 years. 

Males showed peak intensities of 1,000 eggs /gm. of faeces at 20-24 years , 

which dropped to 200 eggs/gm. of faeces at 25-29 years . S imi larly , 

Kloetzel (1963) and Lehman et al. (1976), wo rking in Brazil, showed that 

after the peak there was little sign of a decl ine in prevalence, whi le 

egg output dropped dramatically. Ongom and Bradley (1972), howe ver, 

described a focus in West Nile, Uganda, in which peak prevalen ce appro­

ched 100\ in the early teens with intensities of 1,000-1,500 eggs/mg. 

of faeces and, although apparently similar in t erms of prevalence and 

intensity to the population studied by Siongok ~- (1976 ), the high 

egg output continued throughout life in males and only dropped to about 

half peak levels in females. such a plateau or decline of prevalence 

and intensity can be explained by assuming that in endemic areas infec ted 

people gradually develop an acquired resistance to reinfection and, as 



established worms die , the egg output falls. Warren et l . (1974) 

estimated the mean life span of the Yemani strain of S . mansoni in man 

to be between 5-10 years. 

Other possible reasons for the :~lling egg counts in older 

people should also be considered, for example, decreased output of 

eggs b y older wor m~ or a h i ndered passa ge of eggs through t he gut wall 

due to fibrosis in older patients. However, Cheever ( 1968a ), as a 

result of post-mortem studies in Brazil, noted that the number of eggs/ 

gm. of faeces/worm pair did not change significantly with the age of 

the host . It has also been suggested that older people are less 

susceptible to schistosomiasis than children but when Kleotzel and Da 

Silva (1967) studied a group of a dult B~azilian males who moved from a 

non-endemic to an endemic area of S. mansoni they found that prevalence 

and intensity of infec tion rose to a peak after 15-18 years of residence 

in the area and then fell in a pattern similar to that observed amongst 

children brought up in an endemic area. Age-related differences in 

patterns of exposure to infected water might also be important but un­

fortunately, in most of the above mentioned epidemiological surveys 

water contact studies were not performed a lthough Jordan (1972),working 

in St . Lucia, has reported in one study that 85\ of water contact occur­

red in people younger than 20 who are those passing most of the eggs. 

Although age-related differences in water contact might seem 

to provide an appealingly simple explanation of observed prevalence pat­

terns, some evidence based upon comparisons of areas with high and low 

intensities of infection lendssupport to the theory of acquired resist­

ance. Lehman et al, (1976) observed that, in one study area associated 
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with generally low egg counts , there was a slower rising age specific 

prevalence rate than in other areas of higher intensity, and that the 

fall in intensity was most dramatic in these latter areas, even though 

the age-related pattern of water contact in both would presumably have 

been comparable. Jordan (1972 ) compared epidemiological data from 41 

settlements in St . Lucia grouped according to prevalence 1-25\, 26-50%, 

51- 75% or 76-100% . In areas with prevalence rates below SO% , the 

intensity of infection in people both belcw ~nd above 20 years was 

similar, while , where the prevalence level was 50-100% , egg output was 

considerably higher in the young age group and was double the adul t 

figure in areas where prevalence e xceeded 76\ . Clarke (1966 ) has pro­

vided similar data from Rhodesia. If it is assumed that the age related 

patterns of water contact in the various areas studie d were broadly 

similar the above findings indicate that an acquired resistance is de­

veloped, and is more effective in areas of high prevalence where the 

intensities of infection in the younger age groups are greater. However, 

Ongom and Bradley's (1976) data indicate that this is not always the 

case. To explain this situation it has been postulated that such resist­

ance as might develop can be overcome by continuous heavy exposure. 

Studies on the incidence and rate of increase of intensity of 

infection following chemotherapeutic cure of patients could, theoreti­

cally, throw some light on the question of resistance. Kloetzel (196'ib) 

reported on the pattern of infection following treatment of children in 

a hyperendemic region of Brazil. Prevalence (100\ before treatment) 

had returned to SS\ after 6 months and 83\ after 4 years, at which time 

the egg excretion was one third of the pretreatment level. As~uming 

chemotherapy was reasonably effective, it appears that reinfection did 



occur fairly rapidly indicating that the treated children displayed 

l ittle i f any r es i stance . However . the treatment was gi ven to children 

under the age of t en and thus before the postulated resistance had 

begun to operate . Cook et a l. ( 1974 ) reported that 2 years following 

t reatment of St . Luci an patients wit h hycanthone , e v idence of reinfec­

tion was seen in 45% of patients in an area of hi gh endemicity and in 

5% in an area of lower endemici ty. I nterestingly. re i nfections were 

more corranon i n those under 15 year s than i n t hose above and intensity 

of infect i on at t hi s t ime was 2- 3 times great er in the a ge group 0-9 

y ear s than i n olde r pa ti ents , t hough i n all age segmen ts the intensi ty 

was ve ry low. Whi le the data could be i n terpre t ed a s in di cating t hat 

resistance was more evident in the pat i e nts over 1 5 year s than in t he 

yo unger ones, the author again observe d that it was also explicable by 

the greater water contac t of the younger group. The pauc ity o f inform­

ation on this subject leaves equivocal the questions as t o whether re­

sistance exists and persists in the absence of an active infection. 

Considered as a whole, the epidemiological data can best be 

explained by postulating that, after a period of 10-20 years during 

which worm load increases, man can develop a partial resistance to re­

infection, the degree of which is greatly influenced by the pattern of 

transmission. Bradley and McCullough (197 3 ) proposed such a interpreta­

tion for their epidemiological data on humans. haematobium infections, 

~nd observed that it was consistent with the concept of concomitant 

immunity, described by Smithers and Terry (1969b) as a consequence of 

their studies of S. mansoni in the rhesus monkey (see section 1.2.2), 

The term concomitant immunity (Gershon!!...!!•• 1967) as applied to 

schistosomiasis described a situation in which the host is resistant 



to re i nfecti on but canno t at the same t ime rid i tself of an established 

population . 

Sera from humans infected wi t h S . manson i have raised levels 

of IgG and IgE , t hough there i s some d i sparity between t he resul ts with 

I gM ( Hillyer, 1969 ; Antunes et al ., 1971 ; Dessaint et al ., 1975 ) . It 

i s believed that much of th i s immunoglobulin is non - specifi c and this 

has been demons t rated for IgE ( Dessaint et al~ 1975 ). I t is well docu­

mented , however , t hat at least some is sch i stosome specific and c an be 

de t ected by n umerous serologi cal tests employing a va rie ty o f antigens 

( cer cari a l, adult worm or egg e x t r acts ) (fo r revi e ws of serodiagnosis -

Kagan an d Pellegrino, 1961; Sadun, 1 967; Sadun, 1976). Specific anti­

bodies belonging to the classes IgG, IgM and IgE have bee n de te c t e d 

(Hillyer, 1 969; Dessaint et a~ 1975). Whether any o f the detec t a b le 

antibodies are involved in resistance remains uncerta in, however, 

there is general agreement that serological results do not correla te 

with worm burden and antibody levels detected serologically do not 

appear to bear any mechanistic relationship to the postulated patte rn 

of resistance (Sadun, 1967). 

The time course of development of immediate hypersensitivity~ 

an assay for reagini c antibody activity, does correlate with the puta­

tive pattern of development of resistance. The degree of reactivity 

to cercarial or worm antigen is greatest in adults and lowest in child­

ren. Amongst adults the duration of infection bears a positive rela­

tionship to reactivity and amongst children there is a correlation be­

tween responsiveness and intensity of infection (Kagan and Pellegrino, 

l96li Kloetzel and De Silva, 1967i Warren et al. 1973ai McKay et al. 



1973) . Dessaint et al. (1975) , however, f o und no correlat i on between 

spec ific IgE levels and the clinical course of infe ction. 

The attempted transfers of resistance by injec tion of re l a­

tively large quantities of serologic ally reactive gamma globulin from 

infe cted adults into either infected young adults (Warren et al ., 1972) 

or parasitologically negative children (Cook~-, 1972) failed to 

significantly alter the course of infec tion in the former group or in­

f luence inc idence and intensity in the latter group. Thus, to date , 

there is no evidence that antibody alone can mediate resistance in man. 

Infected humans develop delayed skin sensitivity to intra­

dermal injections of adult or cercarial antigens (Wolfson et al., 1969) . 

On the basis of histological appearance and the time course of its 

appearance, Moriearty and Lewert (1974a) concluded that this delayed 

sk in sensitivity (assessed at 24 or 48 hours a fter antigen injection ) 

is a manifestation of cellular (delayed) hypersens itivity. Support 

for this conclus ion comes from the demonstration by Wolfson et al. 

(1972) of inhibition, in the presence of adult worm antigen, of migra­

tion of peripheral blood leucocytes from subjects with positive delayed 

skin sensitivity. Warren~• (197 <1,)reported that 66\ o f infected 

St. Lucian adults developed a delayed hypersensitivity intradermal res­

ponse compared with 31\ of children in the age groups 5-9 years and 

considered this a consequence of the children having had less intense 

exposure to sensitizing antigens. Moriearty and Lewert (1974b) con­

sidered that the frequency of delayed skin reactivity was related to 

the frequency of past exposure to schistosome infection and tentatively 

concluded - "•• delayed hypersensitivity appears to be a response 



which might be associated with resistance ". Warren et al. (1975 ) 

failed to transfer delayed skin hypersensitivity to children by in­

jection of transfer factor prepared from patients with chronic in­

fections and so their failure to protect the children means little. 

More recently , the effect of 'immune ' serum and cells from 

S . mansoni-infected humans on schistosomula has been studied in vitro. 

Smith and Wehbe (1974) , using the culture system with which Clegg and 

Smithers ( 1972 ) detected antibody in the serum of i nfected rhesus 

monkeys that was lethal for schi stosomula i n vitro ( see section 1 . 2 . 2 ), 

also demonstrated that , in the presence of complement , sera from in­

fected humans killed a significantly higher percentage of schistosomula 

than did control sera . Capron et al. (19 73 ) repo rted a similar lethal 

factor in sera from infected humans. The relevance of this lethal 

activity to resistance in man is unknown but analogous lethal antibody 

in the rhesus monkey and the rat appear not to be involved in resistan ce . 

Butterworth et al. (1974) showed that a factor in inactivated 

sera from infected patients damaged schistosomula only in the presence 

of normal human peripheral blood leucocytes as assessed by release of 

51cr from the labelled schistosomula. The antibody activity was asso­

cia ted with an IgG fraction and maximal cytotoxic effect was associated 

with an eosinophil-rich polymorphonuclear leucocyte fraction. Separa­

tion by differential centrifugation and treatment of the cells with 

specific antisera showed that the eosinophil was indeed the major 

cytotoxic cell (Butterworth~-• 1975) a finding further supported 

by studies using eosinophil-enriched cell populations (Butterworth_!! 

al, (1977), In this connection it should be noted that Mahmoud et al. 



(1975a) reported having ahlated the resistance of mice to reinfection 

by treatment with speci f ic anti - eosinophil serum. Sher et al . (1977a), 

however , reported that there was no correlation between activity or 

titre of serum in this eos i nophil- mediated 51cr release test and the 

duration of known infection in man . 

Thus the evidence that man develops r esistance to reinfection 

and that any such resistance involves the i mmune system remains largely 

circumstantial . 

1 . 2 . 2 Subhuman prima t es . 

The rhesus monkey has been use d extensive ly as an experimental 

hos t for the s tudy of developme nt of a cquire d resistance to S. mans oni 

a n d much o f our knowledge concerning res i s tance has arisen from such 

studies, The basic pattern of a primary infec tion has been described 

by numerous authors (reviewed by Smithers and Terry, 1969a). Following 

a heavy primary infection, f ae cal egg output increases from around week 

6 to peak at 8-20 weeks and subsequently drops dramatically to a low 

level that can be maintained for over a year and may fall to zero. 

Cheever and Powers (1972) have shown that this drop reflects a spontan­

eous cure. Between weeks 12-27 post infec tion,2/3 of the established 

worms died in monkeys infected with 600 cercariae . However, monkeys 

infected with 100 cercariae did not show this spontaneous cure and the 

faecal egg output conti~ued to rise throughout the study. The absence 

of a dramatic self cure in rhesus monkeys infected with relatively low 

numbers of cercariae (below 200) is a general finding (Smithers and 

Terry, 1965a; Sadun !.~·• 1966; Ritchie.!!..!!·• 1966). 



Before discussing the factors involved in the development of 

resistance by the rhesus, a brief consideration will be given as to 

exactly what has been meant by resistance and how it is manifest. 

Throughout the studies described below there has been a lack of consist­

ency in the criteria used to assess the course of a challenge infection. 

It is apparent that clinical protection, egg output and worm burden are 

not necessarily comparable . Smithers and Terry (1967) demonstrated 

that tne ab~cnce of a rise in faecal egg output following challenge of 

preinfected monkeys does not necessarily mean that the monkeys have 

resisted reinfection. Perfusion of 2 toonkeys given a primary infection 

of 100 cercariae and challenged 16 we eks later with 2 , 000 cercariae 

showed that 9-10 weeks after challenge (while the faecal egg output of 

both was comparable and significantly lower than that of the challenge 

control monkeys) their worm burdens represented 5% and 35% of the chal­

lenge dose compar ed with 48% for the challenge controls . Thus one of 

the rronkeys had obviously only partially resisted reinfection though 

the faecal egg output of both was comparable and significantly lower 

than that of the challenge controls. The worms of the partially resist­

ant animal were only half the size of those from the controls and their 

fecundity was evidently severely diminished. Foster and Broomfield 

(1971) have noted a similar stunting and reduction in fecundity of worms 

in resistant monkeys. Lichtenberg and Ritchie (1961) in discussing the 

data of Naimark et al. (1960) concluded that the solid resistance to 

challenge in terms of faecal egg output that was apparent in the pre­

viously infected monkeys was manifest in three phases, Firstly, fewer 

worms reached the portal system, some schistosomula being retained 

during migration, mainly in the lungs~ secondly, those that did reach 

the liver remained immature and thirdly, all were eventually eliminated. 



A reduction in fecundity of challenge worms has also been noted in 

resistant animals belonging to other species of primates (see next 

section). In some cases (Smithers and Terry, 1967) clini cal protection 

has been observed in experimental monkeys passing large numbers of 

faecal eggs normally asso~iated with severe illness. A contributing 

factor to this type of protection may have been a reduction in granuloma 

size caused by modulation of the immune reaction to the eggs trapped 

in the tissues which has been shown to occur in chronic infections in 

both mice and rhesus monkeys (Andrade and Warren , 1964 ; Cheever and 

Powers , 1969 ). 

Se veral workers hdve reported that following heavy primary 

infect i ons ( 500 - 2000 cercariae ) rhesus monkey s ca n de velop solid re ­

sistance to a c hal lenge as indica ted by an abse n ce o f ri s e in fa e c a l 

egg o utp ut pos t-c hallenge. (Naimark ~-• 1960; Smithers a nd Terry, 

1965a; Ma d dison~-• 1971) N.B. The papers by Ritchie~- ( 1966 ) 

and McMullen et al. (1967) c onta in much o f the same data as was pre­

sented by Naimark et al. (1960) . Smithers a nd Terry (1967) reported 

that rhesus m:>nkeys infected with 100 cercariae and challenged 17 weeks 

later with 1800 cercariae showed a negligable inc rease in faeca l egg 

output post-challenge, while the e gg output of c hallenge-c ontrol monkey s 

rose dramatically and the animals died. Monkeys infec ted with 25 or 50 

cercariae were c linically protec ted but did show a rise in faecal egg 

output following c hallenge. When the interval between primary infec ­

tion (with 200 or 1000 cercariae) and challenge was shortened only some 

of the monkeys showed evidence of resistance (Smithers and Terry, 

1965a). The above studies show that the rhesus monkey can become s olid­

ly resistant following a single. fairly heavy primary exposure provided 

the interval between primary infection and challenge is sufficiently 
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long . Furthermore , it appears that the resistance can be manifest in 

monkeys in which the primary infection has not been resolved (self­

cured ). 

Warren (1973 ) has pointed out that in an endemic area man is 

generally repeatedly exposed to low cercarial densities . Foster and 

Broomfield ( 1971 ), in an attempt to more closely simulate such a pattern 

of e xposure , i nfected a r hesus monkey with 25 cercariae every 14 days 

on a t otal of 19 occasions . The egg output rose continuously through­

out the observati on pe r iod up to day 319 post i ni tia l i nfection and 

t hereafte r showed s igns of declini ng. At necrops y s ho r tly a f te rwards 

the worm rec overy repres e n ted 4 9% o f the applied cercariae indica ting 

that resistance t o reinfec tion had not occurred. Similarly , Naimark 

e t al . (1960) exposed a group of rhesus monkeys to 25-50 cercariae o n 

26 occasions at 35 day intervals. Egg output reached a maximum l e ve l 

after about 200 days , remained high up to 500 days and s ubse quently, 

de clined , in some cases precipitously. Thereafter a low level output 

was maintained despite continued challenge. It appears, therefore, 

that when exposure to cercariae resembles that of man, the pattern of 

infection tends to be similar also, with a slow gradual increase in 

worm burden and faecal egg output preceding the development of resist-

ance. 

_7 

With reference to the development of resistance in schistoso­

miasis, Newsome (1956) concluded - "There is little evidence, but much 

presumption, that a r.ondition of premunition as described by Sergent e tal. 

(1925) is developed'. In their studies of 1965a and 1967, Smithers and 

Terry challenged a series of monkeys whose f~ecal egg output from the 



primary infection had fallen to, or persisted at , a low level. In the 

resistant monkeys, egg output did not increase post challenge but the 

previous low level of egg production either continued or fell to zero. 

They concluded (Smithers and Terry , 1969b) - "Clearly , whatever the 

nature of the immune response that prevents the schistosomula of the 

challenge from maturing , this response does not at the same time neces ­

sarily destroy established adult worms or prevent them .from producing 

eggs ". They introduced the term " concomitant immunity" to describe 

this situation , avoiding use of the tenn premunition which would imply 

that persistence of the primary infection worms was essen tial to the 

perpetuation of the resistant state . The papers by Ritchie et al. 

(1966) and McMullen et al. (1967 ) reported sol id r esistance in a number 

of rhesus monkeys whic h had been exposed to cercariae on several occas ­

ions o ver a long period of time and in which the fae ca l egg output had 

fallen to zero. In a number of instances no adul t or irranature worms 

attributable to a prior infec tion were recovered at perfusion post 

challenge. Furthermore, Vogel (196 2 ) demonstrated that c hemotherape u­

tically cured rhesus monkeys were able to strongly resist challenge 

given from 1; to 34 months after treatment. Thus, the rhesus monkey 

can develop a sterile 'immunity' under certain circumstances . 

In all of the above experiments in which N!sistance has been 

demonstrated, the monkeys have been exposed to penetrating cercariae, 

migrating schistosomula, adult worms and eggs: The role of each of 

these various stages in stimulating resistance will now be considered. 

Injection of eggs subcutaneously. intravenously or directly into the 

mesenteric veins of rhesus monkeys has not been shown to stimulate any 

roeaiatance (Smithers. 1962, Smithers and Terry, 1967). Single-sex 



infections with S . mansoni do not result in egg pI'Oduction and so can 

be used to study the I'Ole of eggs in the induction of resistance. In 

two experiments reported by Smithers (1962) four monkeys were infected 

with 2000 - 2500 male or female cercariae , challenged at 23 weeks wit .. 

100 cercariae and perfused 8 week s later. In the first experiment 

substantial resistance was demonstrated in two monkeys infected with 

female cercariae. The equal sex ratio among the worms recovered at 

perfusion indicates that the primary unisexual infection had not per­

sisted. In the second e xperiment , in which the worm recovery from the 

challenge control monkey was unexpectedly low , there was no evidence 
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of resistance in the monkey pre-infected with male cercariae and 

e vidence of partial resistance in the monkey pre-infected with female 

cercariae. Hsu ( 1969 ) reported that monkeys infected with large numbers 

of cercariae of one se x (4, 500 - 17,000) and challenged approximately 

600 days after the first e xposure were highly resistance in t erms of 

faecal egg output and worm burden. 

To see whether the penetrating and migrating s tages of the 

parasite contributed to the stimulation of resistance, Smithers and 

Terry ( 1967) transferred adult worms directly into the mesenteric veins 

of rhesus monkeys and challenged them 10 weeks after transfer . On the 

basis of faecal egg output following challenge and/or worm burden at 

perfusion, none of the monkeys were completely resistant to challenge 

while others were almost completely susceptible. It is apparent that 

the above transfer of worms did not result in as consistant protection 

as had been observed with whole infections. Possibly the fact that the 

monkeys were only exposed to the adult worms for 10 weeks (an attempt 

to stimulate the degree of exposure to the adult phase that a monkey 



infected for 16 weeks would have r ecei ved ) may account for this differ­

ence . Consistent with this is the demonstration by Smithers (1968) 

that two monkeys that had received transplanted worms were highly re­

sistant to a challenge given 14-16 weeks after transfer. Transfer of 

worms that had been cut transversly in half and which produced very 

few eggs stimulated variable resistance, one monkey being susceptible , 

another highly, and a third partially resistant to reinfection. The 

most convi ncing evidence that the adult worm alone can stimulate re­

sistance to reinfection is provided by the demonstration by Smithers 

(1968 ) that monkeys which had received 160 transplanted male or female 

wonns were highly resistance in terms of faecal egg output to a chal­

lenge given 14-16 weeks post transfer. Such monkeys had been exposed 
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to neither migrating stages or eggs. On the basis of the above findings 

Smithers and Terry (1967) concluded that in a normal infection it is 

the adult worm that provides the major stimulus to resistance to s . 

mansoni in the rhesus monkey. Assuming that this resistance was immuno­

logically mediated, Smithers ( 1968) stated - "Thus the antigens which 

are targets for the host immunological attack on the invading schisto­

somula, must also be present on the adult worm". Shared antigens between 

adult worms and larval stages have indeed been demonstrated by immune­

elec t rophoresis (Capron et al., 196 5 ; Sadun ~-• 1965). To explain 

how it was possible for the worms from a primary infection to persist 

at a time when the challenge infection was being destI'Oyed by an immuno­

logical attack which had been stimulated by adult wonn antigens it was 

postulated, with some support fI'Om in vitro studies, that antigens 

either of parasite or host origin that were known to be shared between 

host and parasite serve to mask the adult from the immunological attack 

thet it bed instipted <••• review by Saith""" and Terry, 1976) . 
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It follows from the above that the cercariae or early schisto­

somula exp ress the ant i gens against which the immune response is 

di rected and thus should be able to stimulate resistance in the absence 

of adult worms . Pertinent to this question are the attempts which have 

been made to vaccinate experimental animals by e xposing them to irradi ­

ated cercariae that fail to develop into mature adults. Smithers 

(1962) demonstra t ed mar ked partial protecti on of monkeys infected on 

2 occasions with a total of 13 , 000 cercar iae i r radiated wi th 2 , 0-3.0 kr 

and challenged 14 weeks later . Such low doses of r adi at i on , part icularly 

2.0 k r al l owed s urvival o f a propor tion of stunted and lar gely sterile 

wo r ms . Sa dun et a l. ( 1964 ) immunized monkey s with 5 week ly doses of 

5,000 irradiated cercari ae a nd challenged them 30 days late r. Marke dly 

better resistance (8 3% fewer worms than controls) wa s produce d by cer­

c ariae irradiate d with 2.5 kr than with either 4 or 10 kr (26% and 42% 

respe c tively, fewer worms than controls). These res ults indicated that 

the small proportion of stunted worms that survive irradia tion may be 

largely responsible for the stimulation of resistance. However, Hsu 

e t al. (1969) have reported resistance in monkeys immunized with cer­

c ariae exposed to 24 and 48 kr that do not survive past the schisto­

somular stage, perishing mainly in the dermal tissue (Lichtenberg and 

Sadun~963 0 Hsu~-• 1963a). Such monkeys, inununized on 3-5 occas ions 

with a total of 25-40,000 cercariae and challenged 271-801 days after 

the first immunization, were found to harbour a mean of 76% fewer worms 

than the challenge controls. Thus resistance c an be induced in the 

rhesus monkey by exposure to the schistosomular stage alone 

Rhesus monkeys infected with S. mansoni have raised levels of 

irmnunoglobulin much of which appears not to be schistosome specific 



(Freeman et al ., 1 9 70 ). Schis t osome spec ific antibodie s, i ncluding 

reaginic antibodies can be detec ted in monkeys infe cted with nor mal and 

irradiated cercariae and in monkeys injected with eggs or e xtracts of 

cercariae and adult worms, but in no case does the presence or level 
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of detectable antibody seem to correlate with resistance ( Smithers, 

1962 ; Jackowski et al ., 1963; Sadun et al. , 1964 and Maddison et al ., 

1971 ). As in infected humans (Smith and Webbe, 1974 ), the serum o f 

infected rhesus monkeys can damage schistosomula in culture (Clegg and 

Smithers, 1972 ). A lethal effect caused by antibodies in the IgG class 

is dependent upon the presence of heat labile factors in fresh normal 

serum , probably complement . A growth inhibiting effect , probably 

caused by a different IgG antibody is independent of such factors. 

Following a small infection (175 cercariae ) no marked lethal effect 

could be detected in 3 out of 4 monkeys 16 weeks later at a time when 

the rhesus regularly demonstrates a high level of resistance to chal­

lenge ( Smithers and Terry, 1969b ), though a marked growth inhibiting 

effect was present at this time. Murrell and Clay (1972), who also 

demonstrated cytotoxic antibodies in vitro, have questioned their role 

in resistance to schistosomes. All attempts to directly establish a 

role for antibody alone in mediating resistance, by the passive trans­

fer of serum from infected monkeys,have failed to confer any protection 

(Meisenh clder et al., 1960, Ogilvie~-• 1966, Maddison!_!_!~ ·• 1976; 

Clegg and Smithers, 1976) . In this latter study the transferred serum 

oontain d ~igh titres of lethal antibody. 

Delayed skin hypersensitivity (D.H.), indicative of the pre­

sence of specifically sensitized cells, has been demonstrated in infect ­

ed monkeys (Maddison~•• 1973), Maddison et al. (1976) were able 



to trans f e r D.H. to monkeys by injection of transfer fac tor fr om i nfect­

ed donors . Recipients of hyperimmune serum plus 'immune' transfer fac t­

or were partially, though significantly, protec ted from a challenge in­

fe c tion. However , hyperimmune serum plus ' normal ' transfer fa c tor, 

which did not result in skin test conversion, resulted in comparable 

protection . Thus, under these c ircumstances , development of D.H, seemed 

to be incidental to resistance, Possible mechanisms whereby normal 

transfer factor could stimulate cellular components in the recipient are 

discussed by Maddison et al, (1976). This latter paper is fundamenta l 

as it provides the only evidence of immune system involvement in resist­

ance to reinfection in the rhesus rronkey . The results suggest an inti­

mate interaction between humoral and cellular immune mechanisms. In an 

earlier study (Maddison et al., 1971) immunosuppressive treatments aimed 

at suppressing the humeral or the cellular components of the irranune re­

sponse failed to affect the expression of resistance to reinfection. 

With reference to the relevance of their rhes us monkey/~ 

mansoni studies to human schistosomiasis, Smithers and Terry (1969b) 

stated: "Undoubtedly, the rhesus is more adept at becoming resistant 

than is man. It seems to us, however, a priori unlikely that in two 

primates, both of which support the development of the parasite, there 

are two distinct mechanisms of immunity against the same parasite. They 

may differ in degree, but hardly, we believe, in kind!" A brief review 

of the findings in other primate systems serves to throw some light on 

the extent to which the rhesus monkey can be considered representative 

of sub-human primates in general. 
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Cheever and Duvall ( 1974) have reported that following exposure 

to 600 cercariae , the grivet monkey i£e£9opithecus aethiops) supports a 

prolonged infection and shows little tendency to self cure . Such in­

fected monkeys were repeatedly challenged wi th about 1000 cercariae 

over 30 months. During the course of these challenge exposures , the 

faecal egg output increased at first but eventually stabilized . Perfu­

sion results ga ve evidence of the development of partial resistance as 

indicated by a lower percentage recover y of ch allenge worms ( 19%) com­

par ed with t he recovery followi n g a s ingle in f ection (47% ) and by a 

reduced fecundity in t e r ms of tissue eggs / or faecal eggs/worm pair re ­

covered . The results o f per fusion fol l owin g c hal l enge of monkey s 23 

and 28 mon ths a f ter a 600 cer cariae primary i n fect i on ind i cated tha t a 

lower degree of partial r e sistance had developed ( 35% recovery of the 

c hallenge cer cariae). The closely related green monkey~. sabaeus) 

shows a similar prolonged egg output following primary exposure 

(Meisenhelder and Thompson, 1963; Ritchie et al., 1967), Ritc hie et 
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al. (1967) could detect little evidence of resistance in monkeys chal­

lenged 12 or 60 months after primary infection with 100-200 cercariae. 

Monkeys exposed repeatedly to 20 cercariae over 32 months showed a 

gradual increase in faecal egg output and very little evidence of having 

developed any resistance. It is possible that the apparent differences 

in the response of the green and grivet monkey merely reflec t differ­

ences in experimental protocol. While it does appear that the grivet 

monkey c an develop a degree of concomitant il!lllunity, both thi s and the 

green monkey are very poor at developing resistance as compared with 

the rhesus monkey. 



Sadun et al. (1966) concluded that, in terms of the persist­

ance of infection , the pattern of egg production and tissue egg distri­

bution, the baboon (~io spp.) appears to follow a course closely 

related to that of man. Following a primary infection eggs appear in 

the faeces at 4-5 weeks, increase in number over the next 2-3 months 

and thereafter r ema in relatively constant ( Sadun et al. , 1966; Taylor 

et al., 1973a ). Such relatively constant egg output may con tinue for 

at least 2-3 years (Damian et al. , 1976). While this appears to be 

the general pattern of infect ion following a single primary infection , 

an early peak in egg output (from week 6-12) followed by a sharp 

decline to about 1/3 peak values has been reported in a number of 

baboons infected with 2,000 cercariae (Damian et al., 1976) . Sturrock 

et al. (1976) reported apparent cessa tion of egg production in one 

baboon 11 weeks after infection with 500 cercariae . Complete self cure 

has only been reported once in~ baboon whose faecal egg output dropped 

to zero between 12-17 weeks post infection with 15,000 cercariae and 

it was subsequently found that the worms had died (Taylor et al., 1973a). 

Taylor et al. (1973b) reported that the baboon demonstrates partial 

resistance to reinfection when challenged 18 weeks after a primary 

infection with 500 cercariae. There was no rise in faecal egg output 

post challenge in 2 out of 4 such baboons, though egg excretion due pre­

sumably to the primary infection persisted, indicating the operation of 

concomitant immunity. Results at perfusion showed that the reduction 

in worm burden (48\) was paralleled by a reduction in tissue egg count 

(49\) indicating that there was no effect on the fecudity of the chal­

lenge worms that did establish themselves. 



The paper by Damian et al. (1976) presents data on reinfection 

studies in baboons. Unfortunately, the experimental designs are very 

varied and are only recorded for 9 out of 17 experimental animals . 

Amongst these selected examples primary exposure varied from 200-2000 

and re-exposure on one or two occasions with 1000 or 2000 cercariae was 

given from 4-32 months later. The faecal egg output data presented for 

individual baboons indicated that 2 out of 9 showed no rise in faecal 

egg output following re-exposure. When taken as a group the 17 ' repeat­

edly exposed ' baboons showed no evidence of resistance in terms of per­

centage worm burden or egg count/worm pa ir ( both faecal and tissue ) com­

pared with baboons given a single exposure . Damian et al . (197) ex­

posed a group of baboons , at 3 month intervals to small numbers of 

cercariae (100- 50 ) totalling 700 given over 36 months. Faecal egg out ­

put did not conti nue to rise throughout th i s time period and declined 

in a number of the baboons. 40 months after the first e xposure, half 

the group were challenged with 1000 cercariae. There followed no 

apparent rise in faecal egg output and t he percentage r ecovery of worms 

at perfusion was significantly less in baboons that had been challenged 

(29%) than in those that had not (46 \ ). Thus repeated low level expo­

sure over a long period appeared to have conferred a degree of resist­

ance to reinfection. Mean daily faecal egg output/worm pair during the 

month preceding necropsy and the tissue egg c ount/worm pair were signi­

ficantly lower in these trickle infected animals than in those singly or 

'repeatedly' infected which were reported in the above paper (Damian et 

al, 1976), This finding was interpreted as indicating the operation of 

an immune process resulting in inhibition of egg output. However, there 

was some indication of a reduction in fecundity with duration of infec­

tion in singly and 'repeatedly' infected baboons, and when the values 



for tissue eggs/worm pair are compared for s ingle or repeated infect­

ions of more comparable duration to the ' trickle ' infections there is 

no significant difference. 

In a study by Sturrock et al . ( 1976 ) baboons given 5, monthly , 

exposures to 200 cercariae showed no evidence of having developed re­

sistance i n terms of worm burden in that t hey harboured more worms than 

baboons given a single exposure to 1000 cercariae and only 22% fewer 

worms than the cumulati ve total calculated from baboons infected as 

controls for each of the 5 exposures . The values for tissue eggs/worm 

pair and mean daily faecal egg o utput/worm pair were signi~icantly lower 

i n 3 out of the 6 repeatedly exposed baboons than in the singl e infect­

i on con trols . Thi s was t entative ly interpreted as indica t i ng the 

ope r a tion of an immunologi cally me di a t e d depress i on of e gg production . 

Damian et al. ( 1972) repor ted an a ttenpt to i nduce resistance 

in baboons following transfer of wor ms di r ect ly i n to the mesenteric 

system of baboons as Smithers and Terry (1967) ha d done in the rhesus. 

Transfer of 80 worm pairs directly into the porta l sys tem di d not con­

fer any signifi cant protection against challenge with 2000 cercariae 

2- 3 months after transfer, However, as resistance has not been demon­

stra ted at such an early time post infe ction this result contributed 

little to an understanding of the conditions necessary f or s timulation 

of resis t ance in baboons though it does further indicate t he differ­

ence between the baboon and the rhesus in development of ~sistance. 

Two atte~ts to induce protection of baboons by infection 

with radiation attenuated organisms have been reported by Taylor!!_!!, · 



(l976a). Baboons exposed on weeks 0, 4 and B to 5000 cercariae irrad­

iated at 6.0 kr were not significantly protected against a challenge 

with 500 cercariae on week 15. Another group were injected intra­

muscularly with a total of 31 ,415 schistosomula irradiated at 2 . 1 and 

2.4 kr over a period of l3 weeks. Such infections resulted in a mean 

worm burden of 420 stunted and largely sterile worms . Similarly 

vaccinated animals which were challenged with 35000 cercariae 8 weeks 

after the last i njection showed no significant resistance either in 

terms of egg output or worm burden . 

While there are some inconsistencies in the published data 

concerning the circumstances under which the baboon may develop resist­

ance to reinfection, it is e vident that resistance is invariably weak 

and frequently absent. 

Of all the primates studied, the chimpanzee(~~ satyrus) is 

phylogenetica lly closest to man and Sadun et al. (1966 and 19'iD) have 

shown that the course of disease and the number and location of worms 

in this animal resembles that in the human. In the latter study faecal 

egg output rose following a single infection with 1000 or 2000 cercariae 

and remained relatively constant during the 3 years of study. Repeated 

monthly exposures of chimps to 100 or 250 cercariae resulted in a 

gradual increase in faecal egg output during the first 24 months follow­

ed by a more or less steady output. At perfusion such animals were 

shown to have a higher percentage worm burden than singly exposed 

chimps and the tissue egg load/worm pair was comparable, There was 

thus no evidence of resistance either in terms of diminished worm 

burden from succeeding exposures or in terms of a suppression of 

fecundity. 



The unavoidable conclusion from the above is that primates 

in general , unlike the rhesus monkey , do not readily develop resistance 

to reinfection withs. mansoni and seemingly the more similar their 

pattern of infection is to that in man , the weaker is their response. 

Thus any prophylactic vaccine will ha ve to do better than merely mimic 

the resistance induced by a whole infection. It is considered that 

further experimentation in primates, which are becoming prohibitively 

expensive, would not be justified until experiments in the more con­

venient I'Odent models give some indication of possible frui tful 

approaches. 

1.2.3 Mice. 
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S. mansoni infections in the mouse develop to maturity and, 

pro videdthe cercarial dose is not excessive, proceed to a chronic phase 

(Stirewalt et al., 1951). Lightly infected mice, harbouring 1-3 worm 

pairs show little tendency to spontaneous cure, such burdens being 

maintained at least up to 84 weeks post infection (Cheever, 1965; 1969). 

Worm burdens in heavily or massively (100-500 cercariae) infected mice 

show little evidence of declining up to week 16 (Stirewalt et al., 1951); 

the lower percentage worm burdens recorded thereafter may be largely 

explained by the earlier death of the more heavily infected mice. How­

ever, Kloetzel (1967b) and Kuntz and Malakatis (1955), the latter who 

reported active infection 119 weeks post infection, have reported death 

of worms in prolonged infections. 



Egg output per worm pair appears to be constant during the 

course of prolonged infections such that a steady state ultimately 

obtains with the number of eggs/worm pair in the tissues (live r/or 

intestines) remaining relatively constant from 6-12 months after infec­

tion , reflecting a balance between egg production and destruction of 

eggs in the tissues (Perlowagora-Szumlewicz , 1964a ; Cheever, 1965; 

Kloetzel , 1967b ; Cheever , 1969 ) . Chee ver (1969 ) reported that this 

steady state was also reflected in the faecal output/worm pair which 

peaked 100- 200 days post infection and remained at t his level up to 

300 days. Moore~- ( 1949 ) similar ly r eported steady egg output 

from 80 - 270 days . Howe ve r, Kloe t zel ( 196 7b ) reported that faecal 

egg output/worm pa ir declined r api dly from a peak 60 days pos t in fec­

tion . Chee ve r (196 8a ) reporte d that a s t e ady state also exists in 

human i n fection s . Furthermore, the number of eggs/worm pair in the 

tissues and the tissue di s tribution of eggs between gut a nd liver we re 

broadly compar able for man and mouse. Wa rren a nd De Wit t (19 58 ) a nd 

De Witt and Warren (1959) have demonstrated that infected mice deve lop 

manifestations of chronic disease c hara c terised by liver and ~pleen en­

largement, portal hypertension and oesophageal varices , a syndrome 

closely resembling hepatosplenic schistosomiasis in the human. 
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Thus in terms of persiste n c e of infe ction, pattern of egg pro­

duct ion and disease manifes ta tion, the mous e broadly r esembles man. 

However, in terms of infection the two are markedly different. The 

lightest possible infection in a mouse (1 worm pair) represents an in­

tensity of the order of 50 worm pairs/kg. body weight, whereas the heavi­

est infestations encountered in man at autopsy by Cheever (1968a) were 

approximately 5 worm pairs/kg. Accepting this quantitative difference, 

the mouse has proved to be a useful and convenient host in which to study 

the dewlop-nt of resistance to reinfection. 



Table A.presented as Appendix 2 , records most of the experi­

mental data in the literature concerned with actively acquired resist­

ance to S. mansoni in the mouse followin g previous infection with the 

homologous parasite. Certain of the data have been recalculated to 

accorranodate them in this table . Resistance is assessed by exposing the 

mice to an initial (primary) infection , subsequently re-exposing them 

to a challenge infection (super infection ) and recovering the adult 

worms by perfusion . A control group given the primary infection alone 

allows an est imate to be made of the number of challenge-derived para­

sites maturing in the superinfected mice and a comparison with the worm 

burden in a control group given the challenge alone enables the degree 

of resistance to be estimated. Studies not conforming to this design, 

Thompson (1954), Lurie and De Meillon (1957), Perlowagora-Szumlewicz 

(1964a), Sher et al. (1974) are not included in tabular form but are 

discussed where relevant. It is difficult to draw sound conclusions 

from the tabulated data concerning the parameters of the primary infec­

tion necessary to stimulate significant r esistance to reinfection; 

different mouse strains have been used by the various authors and in no 

instance is their experimental protocol the same. That the mouse can 

develop partial resistance is demonstrated in 39 of 52 recorded experi­

mental groups, where a statistically significant reduction of the chal­

lenge infection was observed. 

The operation of resistance in the mouse is confirmed by the 

demonstration of increased survival time following lethal challenge of 

pl:'9viously infected mice. Olivier and Schneidermann (1953) performed a 

series of experiments to test whether a light initial infection with 

s. manaoni would protect mice against the effects of a challenge exposure 



known to be lethal to normal mice. Mice were challenged with 360-583 

cercariae 13-16 weeks following light bisexual infection. The mean sur­

vival time, after challenge , of the preinfected group was not s ignifi­

cantly different from that of the challenge controls , though the two 

gr-oups differed in their survival pattern , deaths in the preinfected 

sr-oup occurring over a much longer period than in the challenge control 

gr-oup. Levine and Kagan (1960 ) recaluclated this data , excluding deaths 

prior to the seventh week post-challenge which they considered due to 
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the initial infection. Using this data , the mean survival time of the 

preinfected group is signi ficantly longer than that of the controls. 

Referring again to Table A, the operation of concomitant immuni ty 

( Smithers and Te rry, 1969b) i s clearly demonstrated in the studies of 

Olivier and Schneidermann (19 53 ) in which the challenge infect ion was 

d istinguishe d by size fxom the primary infec tion. No obvious correlation 

exists between the mean number of worms persisting from the primary in­

fec tion a n d the degree of resistance, but it is apparent that relatively 

few worms (3- 5 ) can stimulate significant protec tion, as shown by Olivier 

and Schneidermann (1953), Sher~- (1974) and Mahmoud et al. (1975a). 

Resistance, as assessed by recovery of schistosomula from the lungs 

(Olivier, 1952; Clegg, 1965) 4-6 days after challenge of mice given a 

primary infection 12 weeks previously,appeared to be independent of the 

level of primary exposure (Sher et a~., 1974). No direct relationship 

exists between the degree of protection and the size of the challenge 

dose. In fact, as shown by Hunter et al. (1962), a relatively constant 

proportion of the challenge dose fails to mature irrespective of the 

number of challenging cercariae. 



How long does resistance take to develop? S tirewalt ( 1953 ) 

was able to demonstrate that the resistance observed when mice were 

challenged one hour or one day after an initial infection was due to 

local inhibition of penetration of the challenge cercariae, which were 

applied at the same site as those of the primary infection. Hunter et 

al. (1967a) reported significant resistance 6 weeks after a primary ex­

posure while Hunter et al. (1962) and Stirewalt (1953) derronstrated 

resistance when mice were challenged eight weeks after a primary infec­

tion but not when challenge was only four weeks after infection. 

Similarly , Sher et al . (1974) were unable to demonstrate resistance at 

three weeks but found strong resistance by twelve weeks. Using the 
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lung recovery assay they reported that the degree of resistance increased 

from about 35-45% at 7 weeks to 50-70% at 15 weeks post primary infection. 

The results of Hunter et al. (1962) indicate that resistance is maximal 

by eight weeks and is not markedly affected by prolonging the immunizing 

interval, Ritchie et al. (196 3), however, reported that mice challenged 

24 weeks after primary infection were significantly rrore resistant than 

mice challenged at 16 weeks, With regard to the question as to how long 

resistance takes to develop in the mouse, it should be emphasized that 

the influence of the size of the primary infection has been largely over­

looked. Resistance may be demonstrable earlier if the initial worm load 

is greater. However, the experimental designs recorded in Table A are so 

varied that no such correlation can be made. Lurie and De Meillon (1957), 

Thompson (1954) and Fricke.!.....!,!; (1965) have shown that mice can develop 

resistance during the course of a trickle infection in so far as the per­

centage worm burdens following trickle infections were lower than those 

following a single exposure. However, the data of Hunter .!!,._!h (1962) 

show that repeated primary infections do not stimulate any greater re­

sistance to challenge than a single infection. 



For the sake of completeness , it should be recorded that 

Thompson (1954) failed to demonstrate resistance in mice challenged 12 

weeks after a primary infection with 50 or 100 cercariae in so far as 

the percentage worm recovery 3-4 weeks post challenge ( 25.8%) was com­

parable with that observed after a single exposure (20.8%). Similarly, 

Perlowagora-Szumlewicz ( 1964a ) failed to demonstrate resistance in mice 

challenged 8 weeks after primary exposure to 100 cercariae. Such 

failures to demonstrate resistance under similar experimental conditions 

to those successfully employed by other workers may be due to mouse 

strain differences as a re reported in Chapter 3 of this thesis. The 

existence of such strain differences means that experiments without a 

control group showing that the particular mouse strain involved does 

develop resistance may be worthless (e.g. the experiments discussed 

below on resistance following chemotherapy). 
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Although there is evidence from the studies in Rhes us monkeys 

that single sex infections can stimulate resistance to reinf(ction (i. e. 

that eggs are not necessary for the induction of resistance), experi­

ments in the mouse model have not clearly defined the sta~e(s) of infec­

tion responsible for stimulation of resistance. As noted above, resist­

ance has only been demonstrated at a time when the worms from the primary 

infection have reached maturity and oviposition t.as col!lnenced, Such 

findings prompted Lichtenberg~. (1963) to study the role of the egg 

in induction of resistance. Mice were injected intravenously with 1,800 

s. mansoni eggs and challenged 40 days later with 200 cercariae. Worm 

recoveries 50 days post challenge, from these and from control mice, were 

not significantly different, Moore!.!..&· (1963) faile~ to demonstrate 

any resistance in mice given 10 subcutaneous injections of 400-1,000 eggs 



an d challenged from 2-42 days after the last inject ion . Although these 

administrations of eggs in no way simulate egg deposition in in fec t ed 

mice and accepting that resistance was not studied in mi c e harbouring a 

whole infection, these results indicate that the egg alone cannot be 

responsible for resistance . 

That the adult worm alone c an stimulate resistance has not 
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been convincingly demonstrated either. Olivier and Schneidermann (1953) 

reported marginally statistically significant, low grade, partial re­

sistance in mice harbouring an all male worm population. Protection was 

considerably weaker than that reported for bisexual infections, though 

direct comparisons were not performed. Sher et al. {1974), employing the 

"lung chop" technique, have demonstrated that mice harbouring an all male 

worm infection yield 54% fewer schistosomula than uninfected controls, a 

resistance comparable with that observed with a numerically comparable 

bisexual infection. However, comparable levels of resistance took longer 

to develop following single sex infection (12 weeks) than bisexual in­

fection (7 weeks). These results were obtained by the lung chop assay 

and coITobor ative data on worm perfusions were not presented. Both 

Thompson (1954) and Perlowagora-Szumlewicz (1966) failed to demonstrate 

resistance after heavy primary infection with 100-500 cercariae of one 

sex. However, as reported above, both also failed to demonstrate re­

sistance in bisexually infected mice. Evidence that single sex infect­

ions do not promote protection was presented by Olivier and Schneidennann 

(1953). Hice initially infected with only male cercariae did not show a 

prolonged survival time post challenge compared with challenge controls, 

whereas mice initially infected with a bisexual infection did. 
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Thus,in the opinio n of the a uthor , it has not been clearly 

demonstrated wh i ch stage(s ) of an active infec tion contribute t o the 

development of acquired resistance in the mouse. Whether the res ista n ce 

that has been demonstrated in mi c e harbouring an active infection de­

pends upon the persistence of such active infection is a fundamental 

question and has been studied by several workers who have studied re­

sistance following chemotherapeutic treatment of infected mice. 

Chee ver et a l. ( 1965 ) detected no resistance in mice challenged 2 . 5 - 5 

weeks after almost complete cure . However, i t was not demonstrated that 

untreated mice demonstrated resistance and t h us cannot be concluded that 

re s i stance was abroga t ed. Striebel,llld Sarasin {1 9 7 5 ) failed to demon­

s t ra t e res i s t a n ce in mi ce tha t h ad been t reated 8 weeks followin g a 

primary perc u t aneous infec tion through they a l so f a iled t o test the 

resis t a nce of untre ated mice . Partial resista nce was r e porte d f oll o win g 

drug trea tment o f mice when the primary and c hallengi ng infect i ons were 

given by the s ubcuta n eous route . The experiment reported by Gold a nd 

Lengy {1975) did include an infec ted/untreate d control group. However, 

mice in this group and in the infected/treated group showed no evidence 

of resistance in terms of worm burden, highlighting the danger of inte r­

preting negative results in the absence of a positive control. The o nly 

evidence that the course of a challenge infec tion is influenced by pre­

vious exposure and treatment comes from the work of Campbell ( 1963 ) who 

demonstrated that the mean survival time of mice, challenge d following 

chemotherapeutic cure of a single or repeated previous exposure( s) • wa s 

significantly longer than that of challenge controls. The primary in­

fection( s) • totalling from 500 to 400 cercariae were drug terminated 

from 7-28 days post infection and thus mature egg producing infections 

were not establi■hed. Prolonged survival does not, of course, mean that 



the challenge infection has been partially eliminated , it may merely 

have been delayed or its pathological consequences ameliorated. 
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Resistance has been demonstrated in mice infected with radia­

tion attenuated cercariae . Table B, presented as Appendix 3 , summarizes 

the data presented in the literature on such studies. Statistical 

analysis was only possible for 24 experimental groups in 19 of which a 

statistically significant reduction of the challenge infection was 

demonstrated. Both Villella et al. (1961) and Radke and Sadun (1963) 

reported greatest resistance with cercariae exposed to the low levels 

of x-radiation (950-3,000 rads) which allowed survival of a small pro­

portion of the cercariae as stunted worms. Murrell et al. (1975) also 

reported marked resistance in mice exposed to ultra viole t-irradiated 

cercariae , a small proportion of which survived to become stunted adults. 

However, Radke and Sadun (1963) were able to induce resistance with cer­

cariae irradiated with 5 kr.and Erickson and Caldwell (1965) reported 

greater protection with cercariae irradiated with 8 or 10 k~ than with 

6 or 4 kr. As cercariae exposed to doses of around 4 kr.and above fail 

to develop to the adult stage (Villella~-• 1961; Radke and Sadun, 

1963; Erickson and Caldwell, 1965), these results indicate that the 

adult worm is not essential for the stimulation of resistance in the 

mouse and that resistance induced by irradiated infections does not 

depend upon the persistence of infection. A 1T0re detailed consideration 

of the above literature is presented in Chapter 5, but in conclusion 

here it should be observed that resistance following infection with 

irradiated organisms is not entirely predictable even under similar 

experimental protocol, and that there is disagreement in the literature 

as to the best irradiation dose with which to attenuate the infection 
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to produce maximum resistance. However , in view of the variable and 

generally limited success of attempts to induce resistance with metabolic 

or somatic e xtracts of cercariae or worms (Watts, 1949; Thompson, 1954 ; 

Levine and Kagan, 1960; Ritchie et al. , 1962 ; Ila Silva and FeITi, 1968 ; 

Murrelland Clay, 1972; Murrell et al., 1975; Minard et al. , 1977), and 

with the possible exception of single sex infections , infection with 

radiation attenuated organisms is the only way of conferring protection 

without giving the mouse a pathogenic whole infect ion. ( Non-specific 

resistance has been demonstrated in mice injected with living BCG (Fauve 

and Dodin, 1976; Bout et al, 1977 ), and talc (Fauve and Dodin, 1976) .] 

Mice infected with bisexual, single sex or irradiated infect-

ions develop schistosome specific antibodi es against cercarial, adult 

worm and egg antigens, detectable by a variety of serological techniques 

(Stirewal t and Evans, 1955 ; Radke and Sadun, 1963; Jaimes and Lichtenberg , 

1965; Sadun et al., 1965; Bruijning, 1965 ; Hillyer and Frick, 1967; 

Kien Truong et al., 1970; Ambroise-Thomas and Andrews, 1976 and Katz 

and Colley, 1976a) but an tibody levels appear to be unrelate d to the 

degree o f resistance. 

However, despite early unsuccessful attempts with passive 

transfer (Stirewalt and Evans, 1953) and paraboisis (Hunter et a~ •• 196~ ), 

more recent reports indicate that approximately half of the resistance 

demonstrable in chronically infected donors can be transferred to re­

cipients by passive serum transfer (Sher~-• 1975; Mahmoud et aL, 

1975a; Hillyer~-• 1975). Sher~- (1977b) reported that success­

ful transfer was associated with an IgG traction. Perlowagora-Szumlewicz 

(1gr.~) reported transfer of protection from donors infected with irradiated 
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cercariae , though the donors themselves were not resistant. Mahmoud 

et al~ ( 1975a) were able to abrogate the resistance demonstrable in 

chronically infected mice by depletion of their eosinophil population 

with anti-eosinophil serum, a procedure which also abrogated the 

resistance transferable with serum and it was concluded that resistance 

is mediated by specific antibody acting in concert with eosinophils. 

Lichtenberg et al . (1976 ) have described a dramatic increase in the 

number and percentage of eosinophils associated with microabcess-like 

foci which appeared in the skin at the time of challenge of previously 

infected mice as compared with controls. However, it was not established 

that such mice were resistant. 

It has been c learly demonstrated that the schistosome egg 

granuloma is a manifestation of delayed cell mediated hypersensi tivity 

( see Warren 1976 ) which can be abl ated by rigorous T cell deprivation 

(Buchanan et al., 1973). However, a =le for C.M.I. in resistance to 

reinfection has not been established although Katz and Colley (1976b) 

have reported a delayed cell-mediated response to an intradermal in­

jection with a soluble cercarial antigen preparation. Hunter et al. 

(196'i1i)failed to demonstrate transfer of resistance in paraboised 

animals or by injection of spleen, lymph node or peritoneal exudate 

cell.& from infected mice. Simil rly Sh.,,., ~ -· (1975) failed to trans­

fer resistance with spleen cells fl:'()m ch=nically infected donors and 

also failed to affect the resistance of such donors by ALS depletion of 

T cells at the time of challenge. Indirect evidence for the involve­

ment of specifically sensitized cells comes fl:'()m the work of Colley!! 

~- (1972) who demonstrated that while passive transfer of serum f=m 

inf~cted mice resulted in an intense polymorphonuclear infiltrate in 



the skin of r ecipients 5 hours post challenge . transfer of lymph node 

and spleen cells resulted in a delayed hypersensitivity type mono­

nuclear cell infiltrate whic h was maximal by 30 hours at whi ch time 

many schistosomula were observed to have undergone degeneration . 

Unfortunately it appears that no attempt was made to determine the 

worm burden in these recipient animals. 

1.2.4 s . mattheei 

S. mattheei_ is a coJTUllOn parasite of domestic livestock in 

Southern and Central regions of Africa (Hussein . 1973 ) a nd is respons­

ible for outbreaks of clinical and fatal schistosomiasis characterised 

by dramatic loss in condition , weakness . severe anaemia and diarrhoea 

(La wrence . 1968). Lawrence (1974) reported that following infection 

of sheep with 3.ooo cercariae , eggs first appeared in the faeces 7 weeks 

later and the mean egg counts rose slowly to peak 20 weeks post in­

fection. thereafter showing a gradual decline. The worm burdens did 

not show a parallel decline indicating a decline in fecundity of worms 

or a restricted passage of eggs into the faeces. Preston and Webbe 

(1974) reported that sheep exposed to 500 cercariae showed no evidence 

of resistance.either in terms of wonn or egg burdens. to a challenge 

with 500 cercariae 14 weeks after the primary infection although the 

female worms from superinfected sheep were significantly shorter than 

from the controls. Dargie~- (1977) reported that sheep challenged 

with 10,000 cercariae 63 weeks after a primary exposure to 10.000 cer­

cariae harboured 20\ fewer wonns than controls given the challenge 

alone. A more pronounced effect on the fecundity of the worms was 



observed, there being a 31% reduction in the number of eggs/wo nn pa i r 

in the superinfected an imals compared wi th the controls. Pos sibly as 

a consequence of this lower egg production the c linic o-pathological 

changes post challenge were slower to develop and much milder in the 

sup e rinfected sheep. Despite the low levels of resistance stimulated 
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by whole infections, Taylor et al. (1976b) have reported strong partial 

resistance in sheep vaccinated with radiation-attenuated infections. 

Sheep vaccinated on four occasions with 10,000 cerc ariae or artificially­

transformed ' schistosomula ' irradia ted with 3 or 6 kr. exhibited marked 

resistance to challenge ( 56-80\ reduction in worm burden). 

Heterologous protection against S. mattheei by infection with 

S. mansoni has also been studied. Taylor et al. (1976b) infected sheep 

on four occasions at monthly intervals with 10,000 cercariae of S . 

mansoni and challenged them 4 weeks after the last e xposure with 5,000 

cercariae of S. mattheei, There was no evidence of protection against 

this challenge either in terms of worm or egg burdens. However, 

Preston et al. (1972) reported that sheep exposed to 20,000 S. mansoni 

cercariae and re-exposed to 10,000 S. mansoni cercariae one year later 

showed partial resistance to a challenge with S. mattheei administered 

13 weeks later. S. mattheei worm burdens were reduced by a mean of 

only 17\ compared with controls but tissue egg counts showed reductions 

of 41-52\, 

It has been demonstrated that cattle also develop resistance 

to reinfection with S. mattheei following either homologous (Lawrence, 

1973) or heterologous CS. mansoni) (Hussein.!!....!!.•• 1970) primary ex­

posure, but no vaccination studies using irradiated parasites have yet 



been reported. Superinfection and vaccination studies with S. mattheei 

in the mouse have not previously been reported. 



CHAPTER 2. MATERIALS AND METHODS. 

2.1 Maintenance of the parasites and their snail hosts. 

2.1 . 1 Schistosomes used. 

S. mansoni (Puerto Rican strain ). 

Eggs of this strain were isolated from a patient and sent to 

London in 1964 . Since then it has been maintained in albino 

Riomphalaria ~labrata from Puerto Rico , and white mice or hamsters. 

S . mattheei (South African strain ). 

A Nelspruit strain has been ma i nta i ned in Bulinus globosus 

from Nelspruit and hamst ers at the School since 1965. 

2.1.2 Maintenance of snails. 

Snails were kept in 10 litre glass tanks containing water 

dechlorinated by passage through an activated charcoal/glass wool filter 

and allowed to stand in plastic dustbins containing guppies (Lebistes 

reticulatus) - hence 'guppy water'. Each tank contained a maximum of 

40 snails, Gravel and weed were not introduced but Daphnia were 

routinely added to restrict excessive algal growth. The water was con­

tinuously aerated by pumps and attached air stones. Snails were fed on 

dried lettuce. Uneaten lettuce and faeces fouling the tanks were 

routinely removed by suction using a periGtaltic pump. and the tanks 

topped up with fresh water. The aquaria were thermostatically main­

tained at 24-26°C and illumination provided by 'wann white' fluorescent 

tubes controlled to give a 12 hr day from 8 a.m. to 8 p.m. 



2.1.3 Maintenance of schistosomes. 

Live sc h istosome eggs were e xtracted from mice and hamster 

livers by macerat i ng the tissue , straining it through a wire mesh 

filter ( mesh 36/inch ) into a urine glass and repeatedly sedimenting 

the precipitate with 0 . 85% saline unt i l the supernat ant became clear . 

About 15 mi ns . was allowed for each sedi mentation . A final washing 

with ice-cooled dist i lled water was performed to remove traces of 

saline . After the final washi ng , t he sed i me nt was poured into petri 

d i shes and placed under a strong l i g h t . Mirac i dia ha t c h ed wi thin a 

fe w minutes and were c aught using a d r a wn out Pasteur p ipette under 

the low power of a d i ssec ting microscope . Thi s procedure al s o con­

st ituted the hatching test for the presence of viable e g g s. Snails 

were individually exposed to mira cidia (10 f or S . mansoni, 5-6 for 

S . mattheei) in the we lls of haemagglutination trays. The wells were 

toppe d up with wat e r, c ove r e d with a shee t of glass and left under 

aquarium c onditions for 4-5 hours (S . mattheei) or overnight (S. mansoni). 

Suc h snails were individually screened for infec tion 28-38 days later 

by plac ing them in 3" x l" glass tubes containing 3-5 ml. of guppy 

water• and exposing these to light. Any shedding snails were removed to 

the infected tanks. Snails which proved to be negative after 2 test 

s c reenings were killed. 

Infected snails required for shedding of cercaria& were kept 

in the dark in tanks containing perspex linings. Each tank contained 

two such liners which had holes drilled in the bottom such that when 

they were lifted the water drained away and the snails were retained 

within. This facilitated rapid removal. The snails were transferred 

to glass beakers containing clean guppy water and placed in a 30°C 

w•tAr bath under strong illumination. 



The cercarial suspension shed from infected snails was 

separated from the snails and the majority of snail faeces by straining 

through a plast i c tea strainer . An estimate of the cercarial concentra­

tion was made by counting the cercariae in five samples of 0.1 or 0 . 2 

mls . removed from the well agitated suspension wi th an automatic pipette 

(Finpipette , Eppendorf ). The cercariae were stai ned with Lugol ' s iodine 

and counted under a dissecting microscope . 

2.2 Exoerimental techni ques ( Sch i stosomes ). 

2 . 2 . l Production of cercar i ae of one sex. 

Snai ls were indivi dually i nfected with S . mansoni as above but 

wi th single mi r a cidia . Of 332 snails thus i nfected a t var ious times a 

total of 43 ( 13\ ) s ubsequently shed cercar iae . Indi v idua l mice were 

exposed to the cercariae from a s i ngl e i nfected snail and perfused 4-5 

weeks later t o establish the sex of cercariae . Although the proportion 

of s n a ils shedding ma l e or femal e cercariae varied from batch to batch, 

an exa ctly balanced s ex rat i o was found overa ll. 

2 .2.2 Irradiation of cercariae . 

Suspensions of cercariae were concentrated using a Millipore 

filter apparatus (pore size 8 µm). Cercariae introduced into the upper 

part of this apparatus migrate to the surface under the influence of an 

artificial light. Contaminating mattor such as snail f aeces was readily 

removed using a pasteur pipette and excess water removed by gentle sucti on 

through the filter. Cercariae were concentrated to about 1000/ml. and the 

suspension poured into clean Sterilin universal tubes, The tubes of cer­

cariae were transported in a thermos glask to the National Insitute for 

Medical Research, Mill Hill, where they were irradiated using an A.E,C. 

Gammabeam 650, 60co source. The complete contents of the tube were within 

a 95\ range of accuracy of the course. The dose rate of radiation employed 

was either around 2 kr,/min. (for doses of 0-10 kr.) or 13 kr,/min, for 

higher doses, The abbreviation kr. is used for kilor••d (1,000 rad■) throughout, 



2. 2. 3 Transformation of cer cariae into injectabl e ' schistosomula ­

like larvae'. 

Collec tion in vi tro thro ugh isolated s kin. 

The te c hnique desc ribed by Stirewalt and Uy (1969) and Clegg 

and Smithers (1972) in whic h cercariae were allowed to penetrate excise d 

mouse abdominal skin which had been shaved and scraped to remove the 

subcutaneous fat and blood vessels was employed. The membrane was held 

in a tube of 15 mm. internal diameter to which approximately 10,000 -

15,000 cercariae were applied . After 3 hours, schistosomula had 

collected as a pellet at the tip of the lower portion of the tube which 

contained Earle's medium with lactoalbumin hydrolysate (Gibco-Bio Cult). 

The excess medium was remove d with a pipette, the pellet agitated to 

resuspend the larvae and aliquots removed for counting. For brevity 

such larvae one referred to as 'skin-somules'. 

Mechanical disruption and incubation. 

J 

The procedure described by James and Taylor (1976) which 

incorporated that of Colley and Wikel (1974) was used. The cercarial 

suspension was concentrated to a minimal volume in a Millipore concentra­

tion apparatus and 50 mls. of Earles me<lium added. The suspension was 

again concentrated and the procedure repeated once. The final suspension 

in about 5 mls.of medium was transferred to a Sterilin universal tube. 

Separation of cercarial heads from tails was effected by 14 passages 

(both ways) of this suspension through a 21g needle attached to a 10 

ml.syringe. The volume was then increased to 25 mls. with medium con­

taining 100 units/ml. of penicillin and 100 mg/ml. of streptomycin and 

then incubated for 40 minutes at 30°C. After incubation the tube was 
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gently shaken and allowed to stand for 5 minutes t o sediment the organisms. 

The supernatant containing actively s wimming tails was removed down to 

about l ml. The organisms were examined and if contaminated with many 

cercarial tails, the resuspension and sedimentation was repeated. For 

brevity these larvae one referred to as 'somules' . 

2.3 Mammalian host used . 

Male T.O.("Tyler's Original") albino mice aged 6-8 weeks, 

weighing 20-25 gms. were used for most of the experiments. This strain 

was originally sent to the National Institute for Medical Research, Mill 

Hill , from the Tyler Institute , Copenhagen, in 1953. It has subsequently 

been kept by several animal suppliers, from three of which mice we re 

obtained: Animal Suppliers Ltd. (Woolmer Green, Herts.), Bantin and 

Kingman (Aldbrough) and A. Tuck and Sons Ltd., (Battlesbridge, Essex). 

Over the years, stocks have been interchanged between these breeders 

'lild -t:hus a direct lineage to the original stock cannot be traced. 

Two inbred syngeneic strains of CBA mice were used: CBA/Lac 

and CBA/H-T6T6 . Both of these are H-2K and neither rejects skin grafts 

from each other (E. Leuchars - personal communication). These mice were 

either bred on site, or obtained from the Chester Beatty Research 

Institute, London, or from Bantin and Kingman, Aldbrough. Both males 

and females were used. Doenhoff (personal communication) has found no 

significant differences between males and females or between mice from 

different animal suppliers with regard to the development of resistance 

to reinfection with S. mansoni. Furthermore, no inconsistancies 



attributable to mice from different suppliers were apparent in the 

studies contained herein . Thus the mice are merely referred to as CBA 

throughout. 

2.4 Experimental techniQues (mice ). 

2.4.l Infect ion of mice. 

Percutaneous infection. 

Infection of mice with cercariae by the percutaneous route 

was essentially as described by Smithers and Terry (1965b). Mice were 

anaesthetised by intraperitoneal inj ection of Nembutal (sodium pento­

barbitone 60 mg/ml.)diluted 1 in 10 with saline. T.O. mice were ~iven 

7 mg. of Nembutal/100 gm. body weight and CBA mice 6 mulOO gm. havin~ 

proved to be more susceptible to the anaesthetic. In primary exposures 

the hair was shaved from the abdomen and the mice laid on their backs 

in a rack. The skin was moistened with guppy water and a nickel plated 

ring placed in position and secured with a strip of sellotape. The 

rings measured 1.3 ems. internal diameter, 2 ems. in height and held 

1.2 mls. of fluid. 

The required volume of cercarial suspension was administered 

with n automatic pipette through a hole cut in the sellotape covering 

the rings. After 20 mins., the suspension was removed and checked to 

ensure that tt~ vast majority of cercariae had penetrated. Any sub­

sequent infections, e.g. challenge exposures, were given on a different 

site, invariably on the flank. 



Infec tion o f mice with ' schistosomula ' . 

Estimates of the concentration of larvae were made by counting 

five 20 ~l. a liquots . The concentration was then adjusted suc h that the 

requ ired number of organisms were contained i n 0 . 1 ml . This required 

volume was drawn from an agitated suspension i nto al ml . syringe fitted 

with a 25g x i " needle . The syringe was held verti cally downwards until 

injection was effected so that the larvae would settle j ust above the needle 

and not stick to the sides of the syr inge . Intramuscular i n j ections were 

g ive n into the hamstring musc l e in the hind leg. Intradennal i njection 

was perfonne d, 0.05 mls. at a time, into the skin on the shaved dorsal 

surface. Subcutaneous injection was beneath the loose skin at the back 

of the neck. 

2.4.2. Perfusion of mice. 

Wonns were recovered from the liver and mesenteries of infec ted 

mic e in a similar manner to that described by Smithers and Terry (196 5b ). 

Mice were killed by an intraperitoneal injection of 0,2 - 0.5 mls. of 

heparinized Nembutal (25 units/ml). The abdominal and thoracic cavities 

were opened and the mouse attached by spring clips to a vertical board 

of Perspex. The liver was allowed to hang into a filter funnel leading 

into a plastic Universal bottle (Sterilin) (See plate 1). With the 

intestines held out of the way, the hepatic portal vein was cut, The 

perfusion fluid was heparinized citrated saline (0,85\ sodium chloride, 

1.5\ sodium c itrate, 2 units/ml. heparin), 0.1\ methiolate was used to 

prevent fungal growth. This fluid was injected into the left ventricle 

with a 50 ml.syringe and 18g needle. During this delivery, the guts 

and liver were gently massaged with the fingers, perfusion being continued 

until the gut veins and liver were free of blood. The needle was with­

drawn and the guts and liver washed down to remove any attached wonna. 



Pl t l. The p rfusion t chnique. 



The funnel was removed and checked for adhering worms and the tube 

allowed to stand for about 5 mins. during which the worms settled, any 

remaining on the meniscus beinR pushed under with a needle. After 

this time, all but 1-2 mls . of the perfusate was carefully removed by 

means of a pasteur pipette attached to a suction pump. The erythrocytes 

were lysed with a few drops of 2.5% aqueous saponin , the tube gently 

shaken and the fluid plus worms poured i nto a squared plastic petri 

dish ( Sterilin ) or , where small worms were present, into al ml. 

Sedgewick-Rafter chamber for count i ng . The t ube was wa shed out wit h a 

small volume of perfusion fluid and t hen c hecked for t he presence of 

any rema ining worms under t he dissect ing microscope . 

Colle ction of wo rms and perfusat e i n this manner was fi rst 

introduc ed, to replace collect i o n on a gauze, when small irradiated 

para sites were collected. It wa s subsequently adopted for routine pe r­

fusion o f a dult worms, pro ving both quick and efficient. The use of a 

syringe allows more sensitive control over the flow of perfusion fluid 

than could be achieved with a peristalt ic pump. Wonns flushed out of 

the liver with perfusion fluid passed directly over the live r into the 

funnel and did not be c ome trapped in folds of mesentery as was found 

to happen when the Ruts were allowed to just hang down. Squashing o f 

the liver between glass plates and searching through the mesenteries 

to check for retained wonns was found to be necessary only when it was 

apparent that the organs had not been fully perfused as occasionally 

happened if a clot formed. 

Gl 



2.4.3. FP~overv of schistosomula from the lungs of infe c ted mi ce . 

(" lung; chop") . 

The lung recovery assay was adapted from the procedures des­

cribed by Clegg (1965) and Sher et al. (1974). The mice were killed 

with Nembutal containing 25 units/ml of heparin and the body cavity 

opened to expose the heart and lungs. The lungs were perfused of blood 

by cutting open the left ventricle of the heart and injecting 10 mls. 
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of Hanks balanced salt solution (HBSS) containing 100 units/ml of 

penicillin and 100 mg/ml of streptomycin into the right ventricle. Per­

fusion was much improved by cutting open the left ventricle and subsequent 

addition of haemolytic gelatin Gey's as described by Sher et al. (1974) 

was found to be unnecessary. 

The lungs were removed, washed in HBSS. finely chopped with 

scissors. and incubated in 10 mls. of HBSS with penicillin and strepto­

mycin in sterile universal tubes in a 37°c water bath for 3 hours. The 

contents of each bottle was then filtered through a steel gauze (36 mesh/ 

inch) rinsed twice, and the filtrate centrifuged for 3 mins. at 1,000 

r.p.m. All but l ml. of the supernatant was removed by suction and the 

shaken centrifugate transferred to a Sedgewick-Rafter chamber for count­

ing on an inverted microscope at x40 manification. The tube was washed 

out and the washings added to the chamber, 



l .4.4. Recovery of woms from the portal system and lungs of the 

same animals. 

This was essentially a direct tie up of the above two tech­

niques. Worms from the portal system were perfused first, using HBSS, 

gentle pressure being applied to the syringe so that the lungs did not 

inflate. The lung recovery was then performed exactly as above. 

2.4. 5 Tissue e££ counts. 

The tissues for digestion were stored at -20°c until required. 

The gut contents were removed by slitt ing the gut with scissors and 

gently scraping a way the contents with a spatula. Whol e guts or liver 

were digested in 20 mls. of 5\ KOH solution at 37°c for 16 hours in 

plastic Universal bottles (Cheever, 1968b). Generally, 50 or 100 ~l. 

aliquots were placed on microscope slides, covered with a coverslip and 

examined at 32x magnificat ion. When extremely low egg densities were 

encountered, volumes of up to l ml. were counted in a Sedgewick-Rafter 

chamber or the whole universal spun for 5 mins. at 1,000 r.p.m., all 

but l ml. of the fluid removed and the remaining l ml. was counted in 

a Sedgewick-Rafter chamber. Three such counts were performed, the 

total volume measured using a measuring cylinder and the values for 

eggs/organ calculated. 

2 . 4. 6. Histoloaical techniques. 

All tissue specimens collected for histology were fixed in 

10\ formal saline, dehydrated and embedded in paraffin wax. Sections 

were cut at 4-6 microns and stained routinely with haemotoxylin and 

eosin. 



2.5 Experimental Design and Statistica l Analysis. 

In the studies on the development of resistancP . mice were 

given ~n initial i nfection with e ither unirradiated ce~cariae (called 

the 'Primary ( 1° )• infection ) or with irradiated cercariae (called 

the 'Vaccination '). Mice which only received these initial infections 

are referred to as •1° controls ' or 'Vaccine controls '. Other groups . 

initially infected in exactly the same way were suLsequently challenged 

with relatively large numbers of cercariae . These are referred to as 

•1° + Chall. ' or 'Vacc. + Chall ,' groups. Age and sex matched mice 

were also challenged at this time and called ' Chall. Controls.' In 

order to establish the mean number of challenge-derived worms that had 

established in the initially infected and challenged mice it was 

necessary to calculate : 

mean number of woI'!lls in (1° + Cha ll.) orC/acc . + Chall.) 

mean number of worms in (1° Control) or (Vacc. Control). 

This calculation was conside r ed valid as the standard deviation of the 

means for initially infected controls were invariably considerably 

lower than for the initially infected and c hallenged groups ( Sher~-• 

1974). 

Resistance to challenge of initially infec ted mice was calcu-

lated from the mean worm burdens of the respective groups thus: 

100 X 

x Chall. Control - [x (1° + Chall.) or (Vacc. + Chall) 
- 0 , 
x(l Control) or (Vacc. Control)j 

x Chall. Control 

Egg count data was handled in exactly the same fashion. 
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Staristics were performed with the aid of a programmable HP-25 

electronic cal culator (Hewlett- Packard , Cuper tino , California , U.S .A. ) . 

The Student ' t ' test was used to determine the s ignificance of both worm 

and egg count dara whic h in the vast majority of experiments followed d 

normal distribution . As the standard deviations o f the worm counts from 

initially infected control groups were considerably smaller than those 

from the corresponding initially infected and challenged mice , these 

latter standard deviations were used together with the c alculated means 

for challenge derived worm burdens in the analysis of signifi cance . P 

values of <0 . 05 were taken as significant. 



CHAPTER 3. ORSERVATIONS ON THE INDUCTION OF RESISTANCE IN THE MOUSE 

IJSTNG BISEXUAL INFECTIONS WITH IJNATTENUATED PARAS ITES . 

3.1 Introduction. 
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As a baseline for the studies on resistance following infection 

with radiation attenuated parasites (Chapters 6 and 7) , it was considered 

advisable to establish that resistance could be developed following 

unattenuated bisexual infection using the particular host/parasite 

strains employed in these studies (viz. the T.O. and CB A strain s of 

mice and the laboratory-passaged, Puerto Rican strain of S . mansoni and 

the Nelspruit strain of S . mattheei). This was particularly important i n 

view of the reported fa ilures of certain workers to demonstrate resistance 

to reinfect ion in the mouse (Thompson, 1954; Perlowagora-Szumlewicz, 1964a ; 

Gold and Lengy, 1975). Studies performed in collaboration with Dr. M.J. 

Doenhoff on the development of resistance to reinfection withs. mansoni 

in the CB A mouse are included as Appendix l in the form of the pre­

print of a paper to be published in the Journal of Helminthology . The 

experiments presented in this chapter were performed using the T.O. mouse 

strain. 

The experiment to demonstrate resistance to reinfection with 

s. mansoni (section 3.2) involved an investigation of the influence of the 

size of the primary exposure on the degree of resistance stimulated, Also 

included in this experiment was a comparison of the efficacy of percu­

taneously applied cercariae and intramuscularly injected skin transformed 

somules or mechanically transformed somules in inducing resistance. 

The subsequent finding that the T.O. 'strains' maintained by 

different animal suppliers respond differently with regard to the develop­

ment of resistance against S. mansoni is presented in section 3,3, 



In section 3.4 resistance to reinfection with S. mattheei was 

investigated as this had not previously been demonstrated. It was al~o 

of interest to determine whether heterologous infection with S. mattheei 

could induce a higher level of resistance to S. mansoni than homologous 

primary infection. 

3.2 Homologous resistance followin~ S. mansoni infection. 

It has been reported that mice infected with 50-75 S. mansoni 

cercariae can partially resist a homologous challenge infection given 
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6-8 weeks later as assessed by recovery of adult worms at perfusion 6-8~ 

weeks post challenge (Stirewalt, 1953, Hunter et al. , 1962 ; Hunter et al. , 

1967a) . It has not been reported that a minimum number of worms are 

required in order to stimulate resistance and Sher~- (1974) using 

the lung recovery assay found no correlation between the degree of 

resistance 12 weeks after a primary exposure and tre primary worm burden . 

In experiment l primary infections with 20-80 larvae were investigated 

and resistance assessed at portal perfusion 5 weeks post chal l ng. 

Colley and Wikel (1974) described the preparation of S. manson i 

somules by mechanical disruption of cercarial heads from their tails 

followed by incubation in medium. Up to 24 hrs. of incubation such 

larvae still possessed stainable acetabular gland products. The surface 

tegument of similar mechanically transformed s omules remains largely 

chara cteristically cercarial up to 30 mins. incubation (Brink~-• 

1977), whereas schistosomula prepared by allowing penetration of isolated 

rat or mouse skin followed by incubation for 3 hrs. would have largely 

evacuated their gland contents (Stirewalt and Kruidenier, 1961) and 

developed a heptalaminate membrane (Hockley and McLaren, 1973). The 

possibility that products secreted during the in vivo transformation 



of cercariae in to schistosomula ( Stirewalt , 1974) played a role in the 

induction of resistance to reinfection in the mouse was investigated 

below by establishing primary infec tions by intramuscular injection of 

the above two types of artificially prepared somules . 

3.2.l Experiment 1. 

Groups of T.O . (A.S.L.) mice were infected with 20, 40, 60 or 

80 S. mansoni larvae as shown in Table 1. 8 weeks later half of the 

mice in each group toge ther with 10 uninfected controls were challenged 

with 100 cercariae each. The remainder of the infected mice served as 

controls for the primary infection, All the mice were perfused 5 weeks 

later. 

The worm recoveries are shown in Table 1. Primary exposures 

to 20-80 cercariae resulted in mean wol'!II burdens of 6.4 + 3 . 0 -

18.9 + 6.0 . Administrat ion of 80 larvae as percutaneously applied 

cercariae, intramuscularly injected somules or skin somules resulted in 

primary wol'!II burdens of 18.9 .!. 6.0, 13.0 + 4.3 and 18.4 .!. 7.4 respect­

ively, between which there were no significant differences . In all of 

the s uperinfected groups, the calculated challenge-derived worm burden 

was significantly lower than that in the challenge control group. There 

were no significant differences between the challenge derived worm 

burdens in any of the superinfected groups. 

These results showP.d that the T.O. (A.S . L.) mice could develop 

resistance to reinfection assessed by challenge 8 weeks after primary 

exposure and subsequent recovery of adult worms. The degree of resist­

ance was independant of the si~e of the primary worm burden (in the 

range 6,4 - 18.9 worms) and also comparable whether the infection had 

been administered as percutaneously applied cercariae or intramuscularly 

injected somules that either possessed or had laraely 

auetabular alanrl contents. 



TABLE l. Experiment l. 

Worm recoveries from mice infected with 20-80 cercariae or somules of S. mansoni , 

challenged with 100 cercariae 8 weeks later , and perfused 5 weeks post challenge . 

Nlmlber of Number of larvae Hean worm recovery (S . D~) 
Mean worm recovery Percent 

Group aice per in primary 
attributable to Reduction 

group infection d 9 l challenge 

l. l 
O 

Control 9 20 3.7(1.9) 2. 7(1.3) 6 .4(3 .0) 

2. 1° ♦ Chall. 10 20 U . 3(3 . 6) 10. 1(3 . 5) 21.4(6 .7) 15.0 51 

3. 1° Control 10 40 7 .9(2 . 8) 5.8(2.8) 13 .7(4.0) 

16 . 1° ♦ Cball. 10 40 16 .1(5 . 7) 12 . 9(4 .0) 29 .0(5 .1) 15.3 50 

5. 1° Control 8 60 10. 7(3 .6) 6 .8(2 .6) 17 . 5(11 .8) 

f.. 1° ♦ Chall. 9 60 17 . 3(5.8) 12 .9(5.0} 30 . 2(9.7) 12.7 59 

7. 1° Control 8 80 10.6(3 .2) 8.3(3 .1) 18.9(6 .0) 

8. 1° ♦ Cball 8 BO 16 . 1( S .4) 13 .7(3 .11) 29.8(8.6) 10 . 9 65 

9. 1° Control 10 001 7.3(2 . 4) 5.7(2 .2) 13.0(11 .3) 

10. 1° ♦ Cball 11 801 13.3(6 . 8) 9 . 3(3 .8) 22.6(9.5) 9 .6 69 

LL. 1° Control 8 002 11.0(5 .4) 7. 4(3 . 7) 18 . 11( 7 . 4) 

l.2. 1° ♦ Chall 9 802 20 . 5(5.8) 15 ,4( Ii . 7) 33 . 9(8 .8) 15 . 5 so 

13. Cball. Co. 9 - 17 . 3(6 .2) 13 . 6(3 .9) 30 .9(8.4) 30 .9 

Notes - 1. I.H. - injected somules. 

2. I.K. - injected skin-somules. 

3. S.D. - Standard deviation of the mean . 

Significance 
(P .) 

<0 .001 

<0 .001 

<0 .001 

<0 .001 

<0 .001 

<0 .01 

c; 
tD 



3.3 Comparison of mouse ' strains '. 

Major inconsistencies were noticed when T. O. mice from differ­

ent suppliers were used in experiments like that discussed above . It 

was thus dec i ded to compar e mice from t he 3 suppli ers that had been used 

(Animal Supplies Ltd . (A .S . L,), Bantin and Kingman ( B. K.), and Tuck ). 

Differences in susceptibility to S . mansoni i nfection have been reported 

between mouse strains (Stirewa l t e t al ., 1965 ). Mar ked differences have 

also been r eported i n t he abili t y of 2 strai ns of hamster to resist re­

infec tion ( Smith and Clegg , 1976 ). 

3 . 3 . l Exoe riment 2, 

Mice f rom each of the 3 suppliers were infected with 35 cer­

cariae and cha l lenged 12 weeks later with 200 cercariae. The animals 

were perfused 24 days later. Perfusion at this time a llows distinc t ion 

of the prima ry :from the challenge infe ction worms, thus obviating the 

ne e d for controls for the primary worm burden. Early perfusion has been 

employed to a s say resistance in the mouse by several workers (Kagan, 

1952; Olivier and Schneiderman, 1953; 5adun and Lin, 1959) and more 

recently by Doenhoff et al. (in preparation - see appendix 1). This 

appendix, comprising collaborative work on resistance to reinfection in 

the CB A mouse describes the rationale for the design of experiments 

2 and 3. 

The worm count data is presented in Table 2. The mean numbers 

of primary infection worms in the 3 superinfected groups were not sign­

ificantly different. Similarly, the means of the number of worms in the 

3 challenge control groups were not significantly different, and there­

fore statistical comparison of the challenge derived wonn burdens in 

the superinfected groups was valid. Significant resistance was apparent 

7 0 



TABLE 2. Experiment 2. 

Nouse 
strain 

A.S.L. 

B.K. 

Tuck 

War.. .ecoveries from 3 'strains' of T.0 . mice infected with 35 cercariae of S. mansoni , 

challenged 12 weeks later with 200 cercariae and perfused 211 days post challen1se . 

NUlllber of Hean wonu recovery (S.D.) 

Group lllice per group l 
Percent Significance 

infected Primary Challenge Reduction 
perfused <J 9 I 

1° ♦ Chall 30
1111 8 .1(3 . 6 ) 5 .6 ( 3 .0) 13 . 7(5 . 6 ) 21.9(17 . 11) 58 

Chall. Co. lS /15 51.6(17 .0) 

1° ♦ Chall. :Jo/17 8 .2( 11.3) 5.0(2 . 1 ) 13.2(5.8) 33 . 9(ll.9) 37 

Chall. Co. 21/20 52 . 9(16 . 0) 

1° ♦ Chall. Is /15 7 .2( 2.6) 5 . 9(2.3) 13 .l( lf . 5) 51.5(23 . 8) -12 

Chall. Co. 15/15 117 . 9(10.9) 

Note 1. - The sex of the 211-day old challenge-derived worms could not 

be distinguished. 

(P . ) 

<0 .Ml 

<o . 001 

;:,Q . 11 
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i n the A. S .L. and B.K. ' strains ' b ut ther e was no evidence of resistance 

in the Tuck ' strain '. Furthel'.'lllor e there were significantly fewer 

juvenile worms in the A.S.L. mice than in either the B.K. mice (t=2.27, 

P<0.05) or the Tuck mice (t=3.8, P<0.001) and significantly fewer in the 

B.K. mice than in the Tuck mice (t=2.76 , P<0. 01). Marked differences in 

the number of mice of each ' strain ' surviving to perfusion were als o 

noted . Although the primary worm burdens in all 3 •strains' were 

virtually identical, deaths up to the time of perfusion were: 0/15 , 

Tuck; 13/30 , B.K.; 16/30 , A.S.L. 

The above findings indicated marked differences in the response 

of the three strains. The A. S .L. mice developed marked resistance to 

reinfection and the Tuck 'strain' none , with the B.K. 'strain' intermediate. 

3.3.2 Experiment 3. 

This experiment was designed to confirm the above conclusions. 

The experimental design was identical to that described above except for 

the fact that challenge was performed 9 weeks after infection and the 

mice were perfused 21 days post challenge. It had been intended to allow 

a longer interval between challenge and perfusion (5 weeks) and for this 

purpose groups of controls for the primary infection alone were included 

and the mice were challenged three weeks earlier than in experiment 2. 

However, mice started dying at a faster rate than would have been expected 

from the mortality rate observed in experiment 2 and thus the perfusion 

was brought forward. 

The wonn recoveries are presented in Table 3. There were no 

significant differences between the primary worm burdens in any of the 

groups though there were significantly fewer wonns in the B.K, challenge 



TABLE 3. ~ riment 3. 

Wor,a ,ecoveries from 3 'strains' of T.0. mi ce i nfected with 35 cercariae of S. mansoni , 

challenged 9 weeks later vith 200 cercariae and pe rfused 21 days post challeng 

Number of Hean worm recovery ( S. D. ) 
Mouse aice per group 
strain 

Group infected Primary Challenge 
Percent Sign ificance 

perfused " 9 ~ 
Reduction ( p . ) 

1° t Chall. 22 /17 8.3(3.3 ) 7.2(2.5) 15. 4(4.ti) i S. 1( 12. 5) 66 <0 .001 

A.S.L. 1° Co 18/ 14 7.3(4.3) 6.8(3.3) 14.2( 6. 1) 

Chall. Co. 10 /10 55.5 ( 12.6 ) 

1° t Chall , 22/15 8. 7(2.5) 6.5 (2.9) 15.3(4.3 ) 24.2 ( 13.0) 50 <0 .001 

B.IC. 1° Co. 18/8 8.4(2.l) 6.0(2.2) 14.4(3.5 ) 

ct.all. Co. 10/ 10 48. o( 15. 7) 

1° t Chall. 20/20 7.0(2.B) 7.1(2.8) 14.1( 4.6) 50.0(23. 7) 26 <0. 05 

Tuck 1° Co. 20/17 6 . 8( 2 . 5 ) 7 . 9(3 . 2) 14 . 7(5 .0) 

Chall. Co . 13/13 67 . 9(19 . 6 ) 



controls than in the Tuck controls (P <0.01) t hus pr e c l ud i ng a direct 

statisti cal comparison . Although all of the strains showed s ignifi­

cant resistance (A. S.L ., P <0.001 ; B.K ., P <0.001 ; Tuck, P <0.05 ), 

it is evident that this was most marked in the A.S.L. mice and least 

in the Tuck mice , with B.K. mice again intermediate. Differences in 

mortality of the three strains were again observed (3/40, Tuck; 

17/40 , B,K ., 9/40 , A.S.L.) . 

The B. K. strai n of T.0. mice is monitored regularly by the 

Genetic Monitoring System run by Dr. M.F.W. resting of the Laboratory 

Animal Centre, Carshalton . resting (1972 ) was able to distinguish the 

various inbred strains of mice by measuring their mandibles and has 

applied thi s parameter as a sensitive phenotypic indi cator of genetic 

drift in mouse colonies . He kindly examined mice from the 3 'strains' 

used in experiment 3, and reported that while the A. S .L. and B.K. 

'strains' were indistinguishable, the Tuck mice were obviously differ­

ent. This finding shows that genetic drift had occurred during the 

maintenance of the Tuck strain, a drift which seemingly resulted in a 

reduced ability to develop resistance to reinfection with S. mansoni. 

3,4 Homologous and heterologous resistance following S. mattheei 

infection. 

7 4 

In this section comparative observations were made on the ability 

of T.0. mice to develop resistance to reinfection withs. mattheei and 

to develop 'heterologous' resistance to s. mansoni after prior infection 

withs. mattheei. The ability of mice to develop resistance to reinfec­

tion withs. mattheei has not previously been studied but it is known 

that previous infection of mice withs. mattheei confers partial 



'heterologous ' resistance against challenge with S . mansoni (Amin and 

Nelson, 1969) . Such heterologous resistance has been demonstrated in 

several host/schistosome systems (reviewed by Eveland, 1969) and it has 

been suggested that, in mice, such resistance may be more marked than 

in homologous systems (Sadun et al ., 1961 ; Nelson et al ., 196B) . 

a preliminary to testing the protective effect of heterologous irradi­

ated infections with S . mattheei and S . mansoni, a repeat of the above 

work by Amin and Nelson (1969) was incorporated into the experiment 

described below. 

3.4 . l Experiment 4 . 

62 T.O . (A. S.L .) mice were exposed to 30 S. mattheei cercariae 

and separated into 3 groups . 9 weeks later, mice in one group were 

challenged with 100 S. mattheei cercariae , mice in another group with 

100 S . mansoni cercariae and mice in the third group were left unchal­

lenged serving as controls for the primary infection. Owing to a 

technical failure almost half of the mice in the second of these groups 

had to be removed from the experiment. Appropri ate challenge controls 

were included at this time. 7 weeks later all of the mice were per­

fused. The adult worms I"ecovered from the mixed S. mattheei and S . 

mansoni infections weI"e stained with aceto-alum carmine for species 

identification. 

The worm recoveries are presented in Table 4. Significant 

partial resistance was demonstrated in both homologous and heterologous 

infections. The degree of heterologous protection against s. mansoni 

(69%) is consistent with that demon3trated under virtually identical 

experimental conditions by Amin and Nelson (1969), In their study, 

however, they demonstrated a reciprocal effect on the S. mattheei 



TABLE 16. &xperillent 

Woni .~coveries fr-ow mice infected with JO cercariae of S. inattheei, challenged 

9 welts later vith 100 S. matheei or S. niansoni cercariae , and perfused 7 weeks post-challenge . 

laber of Hean wom recovery ( S. D. ) 

Group 
a.ice per group l'-c-r cent Significance 

infected S. mattheei S. mansoni Reduction (P.) 
Perfusecl 

" 9 I " 9 I 

1. 1° Control 21/17 7. 5(2.7) 6. 1(2.5) 13.6(3.5) 

2. 1° ♦ Cba.11. 21/15 10. 6(5 . 2) 7. 5(2.6) 18 .1(7. l) 82 <0 .001 (S.aatt.) 

3. 1° ♦ Chall. 11/8 6.6(2 . 9) 5. 8(1.9) 12.4(4.7) 3.8(1.3) 3 .9(2 . 2 ) 7 .6(3 .2) 69 <0 .001 
(S.MnS.) 

"· emu. co. b/14 16. 9( 4 .5) 8.1(4.6) 25.0(6 .7) (S.aatt.) 

5. Cball. Co. 8/8 12 .4(5 .2) 12 .9(6.0) 25 . 3(8 .0) (S. aans.) 



primary infection in that there were 43% fewer S. mattheei worms in 

the superinfected mice than in the primary infection controls. No 

such effect was evident in the present experiment . the mean numbers of 

S. mattheei worms in the primary infection controls being 13.6 .!. 3.5 

and in the primary infection plus S. mansoni challenge. 12.4 .!. 4.7. 

3. 5 Discussion .. 

Several experimental host species have been shown to develop 

resistance to reinfection with a variety of schistosome spec i es (re ­

viewed by Stirewalt . 1953 ; Smi thers and Terry . 1969a). With specific 

reference to the mouse/S. mansoni system . Table A in Appendix 2 

records that statistically significant r esistance aga inst homologous 

challenge has been demonstrated in 39 out of 54 experiments. and there 

is general agreement that r esistance can be developed by 6-8 weeks 

following a primary exposure. It was demonstrated above that the T.O. 

(A. S .L.) mouse can manifest partial resistance to reinfection 8 weeks 

after a primary infection. The degree of partial resistance was. how­

ever. unaffected by the size of the primary worm burden which covered 

a range of 6-19 worms. A minimum threshold in the numbers of primary 

infection worms required to stimulate significant protection was, 

therefore, not apparent. Whilst it is possible that primary worm 

burdens of less than 6 worms would have failed to stimulate resistance, 

both Sher~- (1974) and Mahmoud ~.l.· (1975) have reported high 

partial resistance in mice harbouring primary bisexual infections of 

4-5 worms. In these two studies, however, the mice were challenged 

12-15 or 32 weeks after primary exposure, The only indication that the 

size of the primary worm burden can influence the development of re­

sistance in the mouse comes from the work of Amin and Nelson (1969) who 



r e ported significant resistance to heterologous challenge with S . 

mansoni in mice harbouring 3 S. mattheei worm pairs but not in mice 

harbouring l-2 worm pairs . In this latter study mice were challanged 

9 weeks after primary exposure. The lack of correlation of primary 

worm burden with the degree of resistance observed in the present 

experiment is consistent with the findings of Sher et al . (1974) and 

of Olivier and Schneidermann (1953) who also studied S. mansoni and 

with those of Sadun and Lin (1959) studying S . j a pon i c um. However , 

in both the rat ( Knopf~-• 1977 ) and the rhesus monkey (Smithers 

and Terry, 1967a ) it has been shown that the size of the primary worm 

burden can influence the degree of resistance . 

It has been shown that the induction of resistance in mice is 

not dependent upon penetration of skin by the cercariae of the primary 

infection (Frick ~-, 1965; Murre ll et al,, 197 5 ; Mahmoud ~ -• 

1975a)as in these studies cercariae were injected either intraperi­

toneally or ~ubcutaneously. The results of experiment l show that 

primary infections established by the intramuscular route are also 

effective. The comparable resistance of mice infected with cercariae, 

transformed somules that still possessed a trilaminate cercarial mem­

brane and acetabular gland contents or skin transformed somules that had 

developed a hepta~1minate membrane and largely evacuated their acetabu­

lar gland contents indicates that superinfection resistance in the 

mouse is not attributable to a response associated with the transforma­

tion of cercariae into schistosomula. This is supported by the failure 

to protect mice by immunization with cercarial secretion products 

although such immuni~ation induced a variety of antibody responses 

(Minard!!....!!.•• 1977), 

78 



Marked differences were observed between the T.O . mice 

obtained from 3 different animal breeders. Whilst all three 'strains ' 

were equally susceptible to infection, the Tuck 'strain' mice were 

least susceptible to the lethal consequences of infection in both of 

the experiments performed. The A.S.L. 'strain' developed the highest 

degree of resistance to reinfection and the Tuck 'strain' the least, 

with the B.K. 'strain' intermediate. Although Smith and Clegg (1976) 

reported differences with regard to the development of resistance to 

reinfection with S. mansoni in two strains of hamster, a direct com­

parison of 6 different inbred strains of mice by Sher et al. (1974) 

revealed no obvious differences. However , the failure by certain 

workers to demonstrate resistance , notably Thompson (1954), 

Perlowagora-Szumlewec z (1964a )and Gold and Lengy (1975) may be 

explicable by postulating that they were using mice that, in the course 

of the inevitable inbreeding that would occur during the maintenance 

of a colony of outbred mice , had developed an 'unrespons iveness ' 

similar to that evidenced in the Tuck 'strain'. It is perhaps relevant 

that in the three studies cited above, as in the present study, the 

mice used were Swiss albino mice. Whilst it is conceivable that 

differing environmental conditions obtaining during the rearing of the 

different 'strains' of mice used in the present study could in some 

way have resulted in phenotypic differences affecting the response to 

schistosomes, this seems an unlikely explanation particularly in view 

of the evidence for genetically controlled differences reported by 

Dr. M.r.w. resting. 

There are several reports in the literature of genetically 

determined host differences in susceptibility and development of 



resistance to parasitic infections . Many of these are cited in a paper 

by Wakelin (1975) in which he was able to identify responder and non­

responder mice , with regard to the immune expulsion of the nematode 

Trichuris muris , amongst populations of the random bred Schofield 

strain of mouse . It has been suggested that such respons iveness/un­

responsiveness to parasitic infections may be associated with the 

presence/absence of such specific immune response (I.R.) genes directly 

controlling immune responses as have been reported by McDevitt and 

Benaceraff , 1969 . 

It i s premature to hypothes ize further about the ' strain ' 

differences reported herein. However, if the results could be repro­

duced with animals bred on site under the same conditions and the 

differences shown to be genetically controlled a number of interest ­

ing experiments could be performed. Of interest would be comparative 

analysis of general immune responses to non-schistosome antigens and 

particularly of schistosome specific responses possibly involved in 

the development of resistance and/or the pathology associated with 

infection. 

Dargie~- (1977) have shown that sheep can develop par­

tial resistance to reinfection with S. mattheei, but a greater degree 

of resistance has been produced by vaccination with radiation-attenu­

ated infections (Taylor et al., 1976b). Thus the above demonstration 

that mice develop a strong partial resistance to reinfection with 

s. mattheei indicated that the mouse might prove a useful 'model' in 

extending the development of a live attenuated vaccine against§.:. 



mattheei (see Chapter 7). The demonstration of h e terologous protection 

afforded by S. mattheei against S. mansoni confirmed the results of 

Amin and Nelson (1969 ). However, the degree of protection afforded was 

comparable with that produced by homologous superinfect ion in experi­

ment l , indicating that , in terms of resistance to reinfection, there 

is no advantage in using heterologous rather than homologous infections 

to produce resistance to reinfection in the mouse , although there are 

obvious advantages in other models where the heterologous immunizing 

infection fails to develop and is thus non-pathogenic e . g . S. rodhaini 

and S . bovis in the baboon (Taylor et al ., 1973). 



CHAPTER 4. STUDIES ON THE DEVELOPMENT OF RESISTANCE FOLLC WING 

SINGLE SEX INFECTION. 

4.1 Introduction . 

As a consequence of their studies of S. mansoni in rhesus 

monkeys , Smithers and Terry (1969b) concluded that it is the adult 

worms.as distinct from the migrating stages or the eggs, that are 

responsible for the stimulation of resistance to reinfection. 

Particularly relevant to this conclusion was the demonstration that 

rhesus monkeys develop marked resistance following infection with 

worms of one sex (Smithers, 1962; Hsu , 1969) and also following direct 

transfer of worms of one sex into the mesenteric veins of uninfected 

recipients (Smithers, 1968 ). If resistance to reinfection in the mouse 

is also stimulated solely by the adult wo=s, then mice infected with 

worms of one sex would provide the ideal system in which to study the 

putative immunological basis of resistance. Such mice would be exposed 

to fewer antigens than if they harboured egg producing populations of 

both male and female worms and consequently the immune responses elici­

ted would be more restricted and yet include those responsible for the 

mediation of resistance . Furthermore, the problem of host mortality 

consequent upon egg deposition would be eliminated. The development of 

resistance against S. mansoni by mice harbouring single sex infections 

has not been extensively studied. Olivier and Schneidennann (19 53 ) 

reported low grade (25-28%) protection 16 weeks after infection of mice 

with male worms. This level of resistance was considerably weaker than 

that reported by these authors in mice with bisexual primary infections 

although direct comparisons were not made. Sher.!:.!....!!.· (1974) assaying 

resistance by the lung chop technique reported comparable protection 

(50-60\) in mice with male or mixed primary infections of 12 weeks 



duration . The e xpe riments des cribed here inves tigate whether single 

sex i nfections stimulate comparable r e sistanc e to that demonstra t ed 

in the acute stage of b i sexual i nfections in mice ( Doenho ff e t al . -

see Appendix 1 ). 

4 . 2 

4 . 2 . 1 

Comp a risons of res i s t ance followine male , female or mixe d 

i nfec t i ons of 8 weeks duration . 

Expe rimen t S. 

20 CBA mice were i nfec t ed with SO male cer cariae , 20 with 50 

f e male c ercariae and 10 wi th 30 cercariae of mixed sexes . Half of the 

mic e i nfec t ed with cercariae of one se x and all of those infected with 

mixe d cercariae were c halle nge d 53 da y s l a t e r with 200 cer c ariae e a c h, 

together with 10 challenge c o n trol s . The mi c e were perfused 25 days 

post challenge. The unchallenged single sex infected mice serve d as 

vacc ine controls for the primary infection a s it was uncertain whether 

the unmatched male s or females would be readily distinguishable from 

the 25 day old challenge derived worms. 

The worm recoveries are presented in Table 5. It transpired 

that the primary infection worms of both sexes could be distinguished 

from the juvenile, challenge derived worms. No significant difference s 

were recorded between the mean numbers of single sex male or female 

primary infection worms in the primary infection controls and the supe r ­

infected groups. Thus the challenge infection had not affected the 

primary worm burdens. The mice harbouring a bisexual infection showed 

marked resistance to challenge (66%), the difference between the chal­

lenge derived worm burdens in these and the challenge controls being 

significant (P <0.001). The group of mice harbouring a mean of 12.0 



Table 5. ~iment 5. 

Worm recoveries from mice infected with 

cercariae, chtllenged 8 weeks later with 200 cerc,,ari ae and perfused 25 days post challeng 

NUlllber of Number of cercariae OCOH wt' \..l.UI l--.-:'\.rV'#''l;4Y ( S . D.) 

Group aice in primary infec tion Primary Challenge 
Percent Significance 

per reduction (P) 
group (sex) <:J 9 t 

l. 1° Control 10 50( ") 14 . 9( 7. 1) - 14 .9(7 . 1) 
24 <0 .05 

2. 1° ♦ Chall. 10 SO( d) 12 .0(4. J) - 12 .0(4 . J ) 49 .3(14 . l) 

3. 1° Control 10 50( 9) - 10. 7(7 .1 ) 10 . 7( 7.1 ) 

16. 1° ♦ Chall. 
15 >o . l 

9 SO( 9) - ll . 7(4 . 8) 11 . 7(4 . 8) 55 .4(16 .8) 

5. 1° ♦ Chall. 8 30( <:J• 9) 3. 4(1.lf ) lf . 4(2 .1 ) 7. 8(2 . 8) 21 .8(13 . 8) 
66 <0 .001 

6. ChAll. Co. 10 - - - - 65 .0(13 . 5) 



male worms showed marginally significant resistance (24%, P <0.05 ). 

The mice infected with female cercariae were not significantly r esist ­

ant . The mean number of challenge worms in the previously bisexually 

infected mice was significantly lower (P <0.001) than the mean numbers 

in the mice infected with male or female worms, the mean recoveries 

from which were not significant ly different ( P = 0.4) . 

Experiment 6 was essentially a repeat of the above. 

4.2.2. Experiment 6 . 

The design , outlined in Table 6, is virtually identical to 

that of experiment 5, except that controls for the primary infection 

were dispensed with and perfusion was perform~d at 24 days post chal­

l enge . 

The results are presented in Table 6 . The mean primary worm 

burdens were virtually identical in all three groups (d'-11.6 ! 4.6, 

9-11.0 ! 7.9, d'+Q-11.9 ! 5.1). However, whereas the mice harbouring 

a patent bisexual infection were significantly resistance to challenge 

(75%, P <0.001), no significant resistance was apparent in the mice 

harbouring an all male infection (20%, P >0.05) and low grade, though 

significant resistance was apparent in the mice preinfected with female 

worms (24%, P <O.O l) . The mean number of c hallenge derived organisms 

U& 

in the hisexually infected mice was significantly lower than that from 

the mice infected with male worms (P <0.001) or female worms (P <0.001), 

the difference between these latter two means not being significantly 

different (P >0.6). 

The results of the two above experiments indicate that the 

resistance apparent 8 weeks after primary infection with relatively 

small numbers of cercariae is dependant upon the presence of a mature 



~- Experiment 6. 

Gro~ 

1. 1° ♦ Chall. 

2. 1° ♦ Chall . 

3. 1° ♦ Chall. 

... Chall. Co . 

Worm recoveries from mice infected with male, female or male and female 

cercu-iae , ch~11enged 8 weeks later with 200 cer~Ariae and perfused 24 days post challen~e 

Number of Number of cercariae n,;;au .. u ... ... recovery ts.1i:'1' 
mice per in primary infection Primary Challenge Percent 

group (sex) d 9 I reduction 

10 SO( d' ) 11 . 6(4.6) - 11. 6( ti . 6) 35 . 7(11.0) 20 

10 50( 9 ) - 11.0(7.9) 11.0(7 . 9) 31! . 1(6 . 11) 211 

10 17( d' )+l7( 9 ) 5.8(3.3) 6 . 1(2 . 3) 11 . 9(5 . 1) 11. 3( 13. 1) 75 

9 - - - - 111! . 8( B. 2 ) 

Significance 
(P) 

>0 . 05 

<0 . 01 

<0 . 001 



infPction. The possibility that large numbers of worms of one sex 

could stimulate comparable resistance is investigated below. 

4.2.3 Experiment 7. 

Groups of CBA mice were infected with 50 , 150 or 300 male or 

18 !l'ale plus 18 fe!l'ale cercariae. 8 weeks later these mice , together 

with a group of challenge controls , were challenged with 200 cercariae 

each. All the mice were perfused 21 days post challenge. 

The results are presented in Table 7. Mice in the group 

harbouring a mean of 20.4 ! 9.5 male worms were not significantly re­

sistant (7%, P >0,4 ). Marginally significant resistance was apparent 

in the group harbouring a mean of 81.7 ! 9.2 male worms (19%, P <0.05) 

and a higher degree of resistance was apparent in the group harbouring 

a mean of 138.7 ! 52,7 male worms (34%, P <0.01). However, the differ­

ence between the challenge derived worm burdens in these three groups 

were not significant (see Table 7). Maximum resistance was apparent in 

the bisexually infected group (73%, P <0.001) and the mean number of 

challenge derived worms in this group was significantly lower than that 

in any of the three single-sex groups (see Table 7). 

4.3 Discussion. 

87 

By infection of rhesus monkeys with worms of one sex it has 

been clearly demonstrated that the adult worm alone can stimulate resist­

ance to reinfection with both s. mansoni ands. japonicum in this host 

(Vogel and Minning. 1953; Vogel, 1962, Smithers. 1962; HsU. 1969). 

In all of these studies large numbers {l.300 - 17.000) of cercariae 

were employed in the primary infection. However, Smithers (1968) 



Table 7. Experiment 7. 

Vonu recoveries from mice infected with varying numbers o f male cercari ae or wi th mal 

and fe-lr cercariae challen d 8 weeks later with 200 cercariae and erfused 21 da s post challen e . 

Niaber of 
Group llice per 

group 

1. 1° ♦ Chall. 10 

2. 1°♦ Chall. 10 

3. 1° ♦ Qiall. 6 

14. 1° ♦ Olall. 9 

5. Chall. Co. 10 

't'-test 

Nwaber of cercariae 
in primary infection 

(sex) d 

Mean worw recove ry 

Primary 

9 l 

(S. D. ) 

Challenge 

so d' 

1so d 

300 d 

18d' ♦ 18 9 

20 . 4(9.5) 

81. 7(9. 2) 

138.7( 52 . 7) 

20 .4(9. 5) 63 . 4(18 . 9) 

81 . 7(9. 2) 55 . 5(14 .0 ) 

138 . 7( 52 . 7) 45 .0(22 . 6) 

rp 
2 

l vs. 3 

2 vs . 3 

8. 1(1. 5) 8.0( 3. 2) 16. 1( 3. 5) 18 . 2(11 .6 ) 

68 . 2( 7.4) 

an ntnbers of challe.!!B_e derived worms 

>0 . 3 

>O.l 

>0 . 2 

Gl"OUT) 

ii"vs." 1 

4 V3 , 2 

4 vs . 3 

<0 . 001 

<0 .001 

<0 .01 

Percent Significanc 
reduc t ion (P) 

7 >O . 

19 <0 .05 

34 <0 .01 

73 <0 .001 



demonstrated that transfer of 160 male or female worms directly into 

the mesenteric veins of rhesus monkeys conferred comparable high grade 

protection against challenge 14- 15 weeks later as did BO worm pairs . 

Almost complete resistance can be demonstrated in rhesus monkeys in­

fected with 100 cercariae ( resulting in about 40 adult worms ) 

( Smithers and Terry, 1965a ). and although it has not been demonstrated 

that an equal number of cercar i ae of one sex alone can stimulate such 

protection it is generally concluded t ha t the eggs are not necessary 

for the stimula t ion of res i stance in this host . It has been tac i tly 

assumed t hat t he same p rinc iples apply to the development of resistance 

i n othe r hosts . 

The developme nt of mark e d resista n ce by mice t o r e infection 

with s evera l s chistosome spec i es broadly coinc i des with the onset of 

egg laying by th e primary infect i o n ( S . mansoni - Stirewalt. 1 953 ; 

Hunter~-, 1962; Sher e t al.,19 74: S . japonicum - Sadun and Lin, 

1959: S. douthitti - Kagan, 1952: heter ologous protection o f 

S. mattheei against S. mansoni - Amin and Nelson, 196 9). This c or­

relation provides c irc umstantial evidence that eggs or at l eas t r e pro­

ductively active worms may be involved in the stimulation of resis tance 

in the mouse. Such a correlation does not apply to all host/s c hi s to­

some models. In the hamster some resistanc e is demonstrable 4 weeks 

after primary infection and by 6 weeks it is maxi mal (Smith et al,, 

1976), The same authors have also shown that resistance to reinfec tion 

with S. haematobium in the hamster develops to a maximal l e vel by 6 

weeks following primary exposure, i.e. before patency of S, haematobium 

in this host. Resistance to reinfection with S, mansoni in the rat 

reaches a maximal level 4-6 weeks after primary exposure (Smithers and 

Terry, 1965c; Maddison~·• 1970; Perez~-, 1974), Smithers 

and Terry (1965a) demonstrated partial resistance in 2 of 3 rhesus 

monkeys challenged 4 weeks after primary infection with S, mansoni, 



although consistant high grade resistance was not demonstrable until 

16 weeks . 

An obvious way of analysing the requirement for a mature egg 

producing primary infection in order to stimulate resistance is to 

study single sex infections. Kagan (1952) was unable to demonstrate 

resistance against S. douthitti in mic e infected for up to 211 days 

with male worms. However , resistance was developed by 61-63 days 

following exposure to female worms and by 35- 37 days follow i ng bisexual 

infection. As the female S. douthitti worms lay eggs parthenogenetic­

ally in the absence of a male infection, these r esults we re taken as 

i ndi cat ing that the egg was involved in resistance. Ol ivier and 

Schneidermann (19 53 ) reported low grade (25-28%) protection 16 weeks 

after infection of mice with male S. mansoni cercariae . Thi s level of 

resistance was considerably weaker than that reported by these authors 

in mice with bisexual primary infection, although direct controlled 

comparisons were not made. Sher et al. (1974) reported comparable pro­

tection in mice with male or bisexual primary infections but observed 

that equivalent levels of resistance took longer to develop in the mi ce 

with single sex infections. A similar finding was reported by Lin et 

al. (1954) in so far as single sex infections of 3-8 months duration in 

mice resulted in comparable protection against homologous challenge 

with S. japonicum as a bisexual infection of 6 weeks duration. The 

results of experiments 5 and 6 reported here indicate that the resist­

ance apparent 8 weeks after primary infection was dependant upon the 

presence of mature actively reproducing worms and/or influenced by the 

presence of eggs, It seemed possible, at thi s point, that the worms in 

single sex infections were not metabolizing and turning over their 

surface membrane as rapidly as the actively reproducing worms in bi­

sexual infections and thus not providing sufficient stimulus to the 

nu 



hosts' defense mechanisms. Such a theory would have been consistent 

with the slower development of resistance in mice harbouring single 

sex infections (Sher et al., 1974). Female worms in single sex infect­

ions certainly do not reach full size or maturity (Erasmus , 1973 ) but 

males develop normally i n terms of size and sexual development . 

Experiment 7 showed some indication of greater resistance as the prim­

ary male worm burden was increased from a mean of 20.4 to 81.7 to 

138 .7. However , the degree of resistance in mice harbouring a mean of 

138 .7 male worms was less than half and s i gnificantly lower than that 

in mice harbouring a mean of 16.l male and female worms. Thi s i ndi ­

cated the involvement of eggs or some factor associated with reproduct­

ion in the in duction of resistance in the mouse at least durin g the 

acute stage of infection. 

Injection of eggs either subcutaneously or intravenously has 

failed to stimulate r e sistance in both rhesus monkeys and mice 

( Smithers, 1962; Smithers and Terry, 1967; Moore et al., 1963; 

Lichtenberg~-• 1963). Thus it appears that the possible involve­

ment of eggs in resistance is not due to their possession of antigens 

responsible for stimulation of a protective immune response. Another 

possibility to be considered is that the eggs produce a rrore non­

specific effect on migrating schistosomula as a consequence of the 

inflammatory granulomatous responses associated with eggs t r a pped in 

the liver or the lungs through which the schistosomula ha ve to migrate. 

It has been reported that inflammation in the lungs induced by intra­

venous injection of killed bacteria can markedly reduce the wonn 

burden in hamsters when stimulated at a time when schistosomula are 

migrating through the lungs (Smith~-• 1975). In this connexion 

there would have been a number of eggs in the lungs at the time of chal­

lenge of the bisexually infected mice in the present experiments 



(Doenhoff - personal communication ). However, in the experiment of 

Lichtenberg et al . (1963) eggs were injected into the tail vein and 

the mice challenged at a time of pronounced granulomatous inflammation 

around eggs in the lungs. Similarly, as part of an experiment not 

presented here in full, 10 CBA mice were injected intravenously via 

the tail vein with 1,000 S. mansoni eggs on two occasions at an inter­

val of one week and challenged 3 days later with 200 cercariae to­

gether with a group of previously untreated mice . The worm recoveries 

21 days post challenge were not significantly different (59.9 ! 11.6 -

egg injected, 51.8 ! 12.5 - controls ). With regard to the involve­

ment of eggs in the liver , in the above experiments performed by 
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Smithers and Terry (1967), eggs were injected directly into the mesenteric 

veins of rhesus monkeys and presumably lodged in the livers. There is 

thus convincing evidence that the egg alone cannot stimulate resistance. 

The final possibility to be considered is that eggs and worms 

act synergistically. Mahmoud et al. (1975a) have presented evidence 

that the eosinophil, possibly ac ting in concert with specific antibody, 

is involved in the effector arm of immunity in the mouse. Blood and 

bone marrow eosinophil counts rise around the time of patency of 

S. mansoni infections and injection of eggs intravenously or subcutane­

ously into mi ce results in a rapid peripheral blood eosinophilia 

(Mahmoud~-• 1975b). It is possible, therefore, that the egg is 

involved in stimulating eosinophils, which, acting in concert with 

specific antibody stimulated by adult worm antigens, comprise the 

effector arm in killing schistosomula. Investigations along thi s line 

would involve comparisons of the resistance of mic~, harbouring worms 

of one sex, which had or had not been injected with eggs intravenously 

or subcutaneously, While such hypotheses are demanded by the results 

obtained herein, more basic work on the stimulation of resistance by 



single sex infections in mice seems the first priority. Marked r es i st ­

ance following single sex infection in the mouse has only been demon­

strated by Sher~- (1974) using the lung recovery assay of r e sist­

ance. Such success and the relative failure to induce resistance re­

ported herein should be investigated by perfusion of adult worms 6-8 

weeks post challenge. Toe results of Sher et al. (1974) are in fact 

not inconsistent with those of the experiments cited here , as they re­

ported that marked resistance following single sex infection did not 

develop until 12-13 weeks. Therefore , it would be interesting to test 

the resistance of mice with longer-standing single sex infections than 

were studied in the experiments described here . It may be that eggs 

merely function quantitatively in accelerating the appearance of resist­

ance. If it is confinned that mice do ultimately become resistant 

following infection with worms of one sex, then such would provide a 

useful simplified model in which to study the mechanism of resistance. 



CHAPTER 5. THE EFFECTS or GAMMA RADIATION Oil THE DEVELO PMENT OF 

S . MAI/SONI AND S . MA TTHEEI INFECTIONS . 

5.1 Introduction. 

Gamma - and x-radiations are electromagnetic ionising radia­

tions of short wave length which have essentially similar effects on 

biological material (Smith et al ., 1974). Exposure of the infective 

stages of a variety of helminth parasites to such radiation has been 

shown to result in reduced infection rates and inhibition of growth , 

development and reproductive capaci ty. The literature on this subject 

has recently been fully reviewed by Oothuman (1976). 

Exposure of the cercariae of a number of schistosome species 

to doses of gamma- or x-radiation in excess of 3-4 kr. has been shown 
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to prevent the developing worms surviving to the adult stage. Slightly 

lower doses of between 2-3 kr ., however, result in the normal migration 

and subsequent persistence of a small proportion of radiation damaged, 

rrorphologically abnormal and often sterile adults:- S. mansoni - Villella 

et al. (1961), Smithers (1962), Perlowagora-Szumlewicz and Oli vier (1963 ), 

Radke and Sadwi (1963), Perlowagora-Szumlewicz (1964a and 1966), Erickson 

and Caldwell (1965), Villella and Weinbren (1965), Oliveira et al, (197lr. 

S. japonicum - Hsu et al. (1963a): s. haematobium - Dr. C. James (pers. 

comm.): S. incognitum - Tewari and Biswas (1972): S . mattheei - Taylor 

(1975). 

The irradiated parasites which fail to reach the adult stage 

and location in the host perish at some stage during their migration and 

histological studies have shown that as the dose of radiation is increased 

so this death occurs earlier in the migration. Thus Hsu et al. (1963a) 



showed that most S . japon:lcum c ercariae exposed to 24-48 kr . die, as 

schistosomula, in the skin of percutaneously infected mice or rhes us 

monkeys and Lichtenberg and Sadun (1963) shewed the skin to be the site 

of death of virtually all S. mansoni larvae exposed to 50 kr. The 

nature of the host response and histopathological consequenc es of the 

death of irradiated parasites in the various host organs were also 

investigated in these earlier studies. 

The aim of the present investigation was to confirm and 

extend the observations on the effects of gamma radiation on S . mansoni 

and include some additional observations on S. mattheei. Interest was 

initially centred upon accurately defining the dose of radiation that 

would result in a persistent infection of sexually sterile adults, 

This dose is referred to as the 'minimum sterilizing dose' (M.S.D.) and 

was established for use in the studies on stimulation of resistance 

because it has been demonstrated that the adult worm can be the major 

stimulus to the development of resistance (Smithers and Terry, 1969a) 

and because the reported attempts to induce resistance in experimental 

animals had generally indicated that maximal resistance was stimulated 

by such minimally irradiated persistent infections (Villella~-• 

1961; Radke and Sadun, 1963; Smithers, 1962; Hsu et al., 1963b, 

Sadun et al., 1964). The differential effects of this M,S,D. on the 

survival and fecundity of male and female worms was studied and the 

persistence of such infections followed up to 200 days post infection. 

The chapter also includes studies on the migration and site of death 

of s, mansoni worms exposed to a range of radiation doses up to 40 kr. 

With the exception of a study by Erickson (1965) of the migration of 

larvae exposed to B kr., knowledge of the site of death of parasites 

exposed to a range of radiation doses has been based on histological 

studies which at best are only semi-quantitative. In the present study 



histological observations were combined with recovery of parasites from 

the lungs and liver . T . 0 . (A.S.L. or B.K.) mice were used in all of 

the experiments in this chapter. 
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5.2 

5.2.l 

The minimum sterilizin~ dose (M.S.D.) for S. mansoni infections. 

Experiment 8 . 

This was essentially a repeat of earlier published work, aimed 

at broadly defining the M.S.D. for infections arising from percutaneously 

applied cercariae. 54 mice were separated into 6 groups. Mice in the 

first group each received 125 unirradiated cercariae. Mice in each of 

the remaining groups received the same number of cercariae exposed to one 

of 5 different radiation doses from 1.0 - 3.0 kr. The mice were perfused 

8 weeks later, the worms counted and the presence of eggs was deduced by 

microscopic examination of squashes of liver tissue. The hatching test 

was used to determine the viability of any eggs present. 

The results are shown in Figure la. The mean numbers of worms 

recovered from mice exposed to cercariae irradiated with 1.5, 2.0 or 

2.5 kr. were statistically significantly lower than the mean from mice 

exposed to unirradiated cercariae. All of the mice in the 0 - 2.0 kr. 

groups were found to harbour worms while 2 of the 9 (22\) in the 2.5 

kr. group were parasite free as were all of the mice in the 3.0 kr. group. 

Viable eggs were found in the livers of mice infected with 

cercariae irradiated with 0 - 1.5 kr. Eggs were seen in liver squashes 

from mice exposed to cercariae irradiated with 2.0 kr. but these proved 

to be non-viable in the hatching tests. No eggs were seen in the livers 

of mice exposed to cercariae irradiated with 2.5 kr. and the hatching 
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tests proved negative. Thus it was confirmed that the M. S .D. for infec­

tions of 125 cercariae lay between 2.0 - 2.5 kr . 

5.2.2 Experiment 9 . 

This experiment was designed to define more accurately the 

M.S.D. for infections produced by intramuscularly injected somules. 

The mice in each of 4 groups (6 mi ce /group) were injected intramuscular·• 

ly with 520 somules irradiated with 2.1, 2.3, 2.5 or 2.9 kr . The mice 

were perfused 12 wee ks later, the worms counted and the livers checked 

for eggs. 

The results are shown in Figure lb. Eggs, whi c h proved to 

be non-viable in the hatching test, were seen in the liver squashes of 

4 of the 6 mice injected with somules irradiated with 2.l kr. For 

mice injected with somules irradiated with 2.3 - 2.9 kr., no eggs were 

seen in any liver squashes and all of the hatching tests proved nega­

tive. Fragments of dead worms and associated lesions wereoccasionally 

seen in squashes of liver from mice in all of the groups. Worms were 

recovered from all of the mice infected with somules irradiated with 

2.l and 2.3 kr. These worms displayed a range of morphological 

abnormalities, some appearing almost normal and others extremely stunt·• 

ed. Of the mice infected with schistosomula irradiated with 2.5 and 

2.9 kr., lout of 6 and 3 out of 6 respectively were parasite free and 

all the worms recovered were extremely stunted. Thus the range of 

radiation doses from which to choose an M.S.D. for infections compri­

sing about 500 somules is extremely narrow, eggs being present in the 

livers of mice infected with 2.1 kr. somules and 1 out of 6 mice in-

D 



fected with 2.5 kr. somules being parasite fr e e. Consequently , 2 . 3 kr . 

was taken as the M.S.D . for use in many of the studies described here i n , 

though subsequent studies have shown that a few eggs can be produced by 

a small proportion of the worms which develop from larvae exposed to 2. 3 

kr . ( See Sections 5.3 and 5.6 ) . 

Sta ining of the 2.3 kr. worms with carmine showed that while 

none of the females possessed visible eggs or ovaries , 43% of the males 

had some visible testes . It thus appeared that 2 . 3 kr. resulted in 

sterility in the females but not obviously in the males. 

5 . 3 

5.3.1 

Differential effect of the M.S.D. on male and female worms. 

Experiment 10. 

This apparently differential effect of 2.3 kr. on the develop­

ment of the reproductive c apacity of. male and female worms was invest­

igated by percutaneously infec ting mice with either male or female cer­

cariae irradiated with 2.3 kr. ( R d'or R9) together with unirradiated 

cercariae of the opposite sex (N cJ' or N 9). The experimental design is 

shown in Table 8. The mice were perfused 8 weeks after infection, the 

worms recovered, stained with carmine and examined for evidence of 

ovaries or testes, and the liver and intestines digested for egg counts. 

The results are shown in Table 8. The mean number of male 
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worms recovered from mice in group B (R a' ♦ N 9 ) was not significantly 

different from the mean recovered from mice in group D (R r:J'-t R 9). 

Similarly, the recovery of female worms from mice in group C (N r:J' ♦ R9) 

was not significantly different from that from mice in group D (R r:J'+ R 9 ). 

Thus the number of 2. 3 kr. male or female worms surviving was similar 



lotes on txperillental design of Experiment 10. 

1. Group A. Each mouse given SO normal male cercar iae t 50 noMl.31 female cercari.Je ( !I d' +N 9 ) . 

Gro"I) B. It It " 1 , 200 irradiated (2 . 3 kr .) male cercari,JI!' + 50 non:i-11 femJle. cercariae (R d'+ UQ). 

Gro"I) C. " " " 50 normal male cercariae + 1. 200 irradiated ( 2 . 3 kr.) ft>male <:e r'C,ll'iae ( II d' t P Q). 

Group D. " " " 1 , 200 irradia ted (2 . 3 kr.) 0i1le cel'(;driae t l , 200 irmdiated (2 . 3 kr . ) fomale 

(3 aice/grol.l)). 
ce rcariat• (R d' ♦ R9). 

2. Wona of indetenainate sex h been excluded (10 . 7 ! S. S). 



TABL£ 8. Experiment 10. 
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whether their partners were irradiated with 2. 3 kr. or unirradiated . 

The recoveri es of 2. 3 kr . male worms in groups B ( R r:J -r N 9 ) and D 

( R r:J-r R <;>) r epresented respecti ve ly 2 . 4% and 2.0% survival of the 

number of male cercariae appl i ed while the recoveries from group C 

1 0 1 

(N r:J+ R9) and group D ( R r:1-r R 9) of 2 . 3 kr. female worms represented 

respec tively 8 . 1% and 7 . 0% s urvival of the female cercariae applied . 

Th us i n "te rms of s urviva l , female larvae were less suscept i ble to the 

effec t s of 2.3 kr. than we r e male ce r car iae. Dilations ~f the caeca 

of mal e worms s imi lar to t hose descri bed by Perlowa gora- Szumlewicz 

( 1964a ) and Vi llella and Weinbren (1965 ) were observed i n 48% o f t he 

2.3 kr. worms. 

The tissue egg count data has been presented as the number 

o f eggs/worm pair. The number of worm pairs per animal represents the 

maximum number of potential worm pairs, this being limited by the 

number of worms of the less numerous sex. The mean total number of 

eggs/worm pair recovered from mice in group B ( R d'-t- NQ), 2,436 ! 481, 

was significantly ( P <O. 05) lower than from mice in group A ( N r:J + N 9 ) , 

4,333 ! 1,030. Staining of the male worms from group B showed that a 

mean of 11 out of 29 (38%) lacked any visible te s tes. Some of them 

appeared far too stunted to pair properly and others were of indeter­

minate sex. If the mean number of eggs/worm pair is calculated with 

reference to the number of male worms possessing visible testes, the 

value is 3,493 ! 504 which is not significantly different from the value 

for group A (N d'+ N 9 }, Thus it seems likely that the figure of 

2,436 ! 481 eggs/wonn pair is not a reflection of the reproductive cap­

acity of all the persisting 2,3 kr. male wor1'16 but rather a reflection 

of the range of reproductive capaci ty. 



l. 

The egg coun t/worm pair value for mice in group C ( N r:J + R 9 ) • 

648 ! 317 , although significantly lower ( P <0.01) than the value for 

group A (N d'+ N 9), 4,333 :!: 1,030, does show that at least some of the 

females develop ing from cercariae exposed to 2 . 3 kr. did have the cap­

acity to produce eggs. However , the fact that the egg co unt/worm pair 

in group C (Nd'+ Re;?) was significantly lower (P <0 . 02 ) than that in 

group B (R d'-t N 9) clearly shows that: 2. 3 kr . has a greater effect on 

the reproductive capacity of females than of males . It must be pointed 

out that the figure of 648 ! 317 eggs /worm pair is unrepresentative of 

the average reproductive capaci ty of a random sample of 2 . 3 kr. female 

worms. In group C the irradiated females outnumbered the normal males 

by a mean ratio of almost 6:1 . If it: is assumed that the normal males 

would have paired preferentially with the most normal of the irradiated 

females , the figure of 648 t 317 may not be representative of the 

fertility of the large excess of unpaired females. Staining of the 2.3 

kr. females revealed that a mean of only 5 out of 97 possessed a visible 

ovary. These females with visible o varies wer e the largest and mos t 

normal looking of the females and most were found in copula at perfusion. 

A mean of only 9 ! 5 eggs were found in the tissues of mice 

in group D (R d' + RQ). The majority of these were merely malformed 

egg shells lacking any miracidial remnants. 

Major differences were noted in the tissue distribution of eggs 

in the four groups. In the mice in group A,41\ of the l!'!ggs were in the 

liver as compared with 45\ in group B, 65\ in group C and 91\ in group D, 



1 03 

5.4 Persistence of S. mansoni worms exposed to the M. S.D. 

5 . 4 . l Experiment 11 . 

In this study, mice infected with organisms exposed to 2. 3 kr. 

were perfused at intervals up to 200 days post infection to determine 

the length of time ' sterile ' worms would survive and how the infected 

mice would tolerate such an infection . Mice were infected by intra­

muscular injection of 500 somules. 32 mice received unirradiated 

somules and 42 mice received somules irradiated with 2.3 kr . 4 mice 

from each group were perfused 5 , 12 , 14 , 18 , 24 , 32 and 46 days post 

infection and a further 4 ~ice from the 2 . 3 kr . group on each of days 

63 , 90 a11d 200 . The recoveries are expressed p;raphically in figure 2 . 

The lengths of the irradiated worms recovered on days 63, 90 and 200 

were measured in a graduated counting chamber . The percentage recovery 

of worms from the unirradiated infection increased rapidly from day 5 

to plateau at day 24. This plateau, representing approximately 33% 

recovery of the number of larvae injected, was maintained up to day 46, 

the remaining 4 mice having died by day 63. Up to day 14 there was no 

significant difference between recoveri e s from the unirradiated and 2.3 

kr, infections. The 25\ recovery of worms from the 2,3 kr. infection 

on day 14 represented 77\ of the 33\ plateau recovery of unirradiated 

worms. Between days 14 and 18 there was a significant drop in the 

number of 2.3 kr. worms recovered such that at day 18 the mean recover­

ies from the unirradiated and 2.3 kr. infections were significantly 

different (P <0,001). from day 18 to day 46 there was a gradual decline 

in recovery of irradiated worms and from day 46 to day 200 recoveries 

remained remarkably constant at between 2 - 3\, Worms were found in all 

of the mice infected with irradiated organisms (range 7 - 2S worms from 

days 46 - 200). 
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Of the 42 mice initially infecte<1 with larva e .i.r.cod.i.a tad wi h 

2.3 kr., one died on day 46. No eggs could be seen in the liver and 

the cause of death of this mouse was unknown. Two mice were kill e d 

because of superficial abscesses secondary to injurie s incurred in 

fighting. Red patches, presumably sites of haemorrhage were seen on 

the surface of the lungs of mice killed on days 14 and 18 and occasion­

al white spots were seen on the livers of mice killed on days 14 - 46. 

Microscopic examination of squashes of such pieces of liver tissue 

frequently revealed disintegrating worms or patches of p igment . Histo­

logical sections of such lesions are presented in section 5,6. 

The mean lengths of the sterile worms reco v don d ys 63 . 

90 and 200 were respectively :- d'-4.9 .! 2.0, 9 - 4.4 .! 1.2; J'- 5 . 5 ! 
+ + -t 

1.8, 9 -4.6 - 1. 9 ; d' 5.3 - 1.4, 9 -4 .6 - l.6. The mean lengths of un-

irradiated S. mansoni adults recovered from the challenge controls in 

Experiment lB(Chapter 6 ) wer:e d' -8,6 .! 1 : 8 and 9 -13 . 3 ! 1.0 (20 worms 

of each sex counted). Thus, the sterile worms were considerably smaller 

than unirradiated worms. Moreover, as mentioned in Section 5.3 

they displayed a range of morphological abnormalities. 

5 . 5 0 kr. 

It has been shown above that, as the dose of radiation to 

which larvae are exposed is increased, the number of worms recoverable 

from the liver and mesenteries 8 weeks post infection correspondingly 

decreases. Thus the vast majority of schistosomula exposed to doses of 

2,3 kr. and above must perish somewhere during the course of migra tion 

from the infection site to the liver. The following experiments were 

desi&ned to study the pattern of migration and site of death of larvae 



exposed tor di ion doses in h rang 2 . 3 - 40 kr . used o a enua e 

infections in he studies of the d v lopmen of resis ance o reinfec­

tion described in Ch pter 6. 

5.5.l Experiment 12 . 

Mice in each of four groups (40 mice/group) were injected 

intramuscularly with the following numbers of irradiated somules: -

495 at O kr , 406 at 2.3 kr, 494 at 4 kr and 448 at 10 kr. The 

intramuscular route was chosen as it has proved to be a quick and 

efficient method of infection (James & Taylor, 1976 ). The results of 
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a preliminary experiment had shown that schistosomula could be recover­

ed from the lungs of mice infected by intramuscular injection of 10 kr 

somules in comparable numbers with those recovered :from mice infected 

with unirradiated larvae. On days 3, 4, 5 , 6 , 8 , 12, 16 and 26 after 

injec tion, "lung chops" and liver perfusions were pe rformed on 5 mice 

:from eac h of the groups. 

The results from this study are for comparative purposes 

combined with those of a further study in which mice were infected 

either percutaneously (P.C.) or intramuscularly (I.M.) with larvae 

exposed to 20 kr or 40 kr. It was unknown whether larvae exposed to 

such high doses would be capable of leaving the site of infection and 

reaching the lungs or whether their capacity to do so was affected by 

the two different routes of administration,both of which have been 

used in vaccination studies (Chapter 6). Mice in each of four groups 

(35 mice/group) received the following nunbers of larvae:- 676 (P.C.) 

cercariae or 650 (I.M.) somules irradiated with 20 kr, or 616 (P.C.) 

cercariae or 635 (I.M.) somules irradiated with 40 kr. After the 



20 mins. allowed for penetration the water in whi ch the cercariae had 

been suspended was removed from the rings of 10 mice from each of the 

two cercarial groups and searched for cercariae following the addition 

of a few drops of Lugol's iodine. Samples from the 20 kr group con­

tained a mean of 4 .4 ! 3.3 cercariae, and those from the 40 kr group, 

a mean of 6.6 ! 4.9 cercariae. Though no comparisons were made with 

the pentration of unirradiated cercariae it is apparent that penetra­

tion of cercariae is not significantly affected by exposure to 20 kr 
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or 40 kr. It is assumed that lower doses would similarly not markedly 

affect penetration. On days 3, 5, 7, 10, 14, 20 and 26 after infection 

"lung chops " and liver perfusions were performed on 5 mice from each 

of the groups. 

The percentage recoveries of schistosomula from the lungs in 

these two experiments are shown in figure 3a. The patterns of recovery 

from mice infected with unirradiated larvae and larvae e xposed to 2.3 

- 10 kr are very similar. Peak recoveries from all of these groups 

occurred on days 5 and 6. There was no significant difference between 

the recoveries from these groups for any time point except for a margin­

ally significant difference between the 0 kr and the 2.3 kr infections 

on day 5 (P <0.05) and between the O kr infection and the 2.3 kr and 

10 kr infections on day 6 (P <0.05). A marked drop in recoveries of 

lung form schistosomula occurred between days 6 and 8 and thereafter 

there was a gradual decline. A small proportion (0.6 - 1,4\) of typic al 

lung-form organisms (Clegg, 1965) was recovered from each of these 

groups on day 26. With both percutaneous and intramuscular routes of 

infection the pattern of recovery of organisms exposed to 20 kr was 

markedly different from that observed above. The most striking differ­

ence was the absence in the 20 kr infection of a definite peak between 

days 5 - 6 1 percentage recovery increasing gradually until day 7, 



FIGURE 3 FHP.ct of radiation on migration of schistosomula 
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Similar reco veries were obtained on day 10 after which the numbers 

fel l, decl i n i ng to zero by day 20 . Only one schistosomulum was recover­

ed from the lungs of the mi ce infected wi t h lar vae e xposed to 40 kr. 

Thi s was from t he pe r cut aneous group on day 10 . 

The p a ttern of recovery of worms from the l ive r and mesenter­

ies i s s hown i n figure 3b . Recoveries from the mi ce i nfected with un­

irradi ated somules s howed a gradual i ncrease t h roughout the study 

period. No wo rms we re recove r ed at a ny time fro m mice in fe c ted with 

cercaria e o r somules e xposed t o 40 k r and a me an r ecovery o f only 1. 3 ! 

l.l worms was recorded for mice expo se d to l a rvae irradiated with 20 

kr (on day 10 ). Worms from the mice infec ted with l arvae irradiated 

with O - 10 kr were first detec ted on day 4. On day 6 and thereafter 

recoveries from the mice infec ted with 10 kr larvae were significantly 

lower than those from mice infected with unirradiated larvae. Maximum 

recovery (2.9%) occ urred on day 16 falling by day 26 to 0.3%. Recover­

ies from the 4 kr infection rose to a peak at day 6 (5.3%), and there­

after were s ignificantly lower than those from the un irradiated infe c ­

tion , gradual ly falling to 2 . 9% by day 26 . Recoveries from the 2 . 3 k r in­

fection were not significantly different from those from the unirradi­

ated infection during the first 12 days, but were significantly lower 

thereafter. There was a marked drop in recoveries from the 2.3 kr in­

fection between days 12 and 16. A similar marked drop in recovery of 

2.3 kr worms was observed between day 14 - 18 in experiment 11 described 

in section 5.4. At no time was there a significant difference between 

the recoveries from the 2,3 and 4,0 kr infections. Both were signifi­

cantly higher than the recoveries from the 10 kr infection on days 6 

and 26. On day 12 the recovery from the 2.3 kr infection was signifi­

cantly higher than that from the 10 kr infection, 



While this above study provides information concerning the 

pattern of arrival and surviva l in the liver and lungs of irradiated 

parasites it provide s only circumstantial evidence as to their site of 

death. The following studies of the histopathological consequences of 

infection with irradiated organisms provide additional information. 

5 . 5.2 Experiment 13. 

30 mice were each injected intramuscularly with 500 somules 

irradiated with 2. 3 kr. This infection was performed at the same time 

a nd with the ~4me batch of somules as were used in experiment 11. sec­

tion 5.4 At intervals from 5 - 230 days after infec tion, 2 or 3 mice 

were killed by cervical disloca tion and the lungs and livers rapidly 

rerooved and fixed in 10% formol saline. Serial wax sections of these 

tissues were cut at 6µ and stained with haematoxylin and eosin. 

At day 5, a few intact schistosomula devoid of any host 
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tissue reaction were found in lung capillaries, arterioles and occasion­

ally within alveoli. Small, scattered haemorrhages were seen but could 

not be directly related to the presence of schistosomula. A single de­

generated parasite was seen embedded in a tiny nodule consisting of 

mononuclear cells. On day 12, several intact schistosomula without re­

action were present though there was a mild infiltration of mononuclear 

cells around some of the blood vessels. A few cellular nodules consist­

ing of mononuclears and eosinophils were seen in close association with 

blood vessels or haemorrhagic foci in which degenerated schistosomula 

could be found. By day 18, the frequency and magnitude of such reactions 
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were more intensified and there were haemorrhages, diffuse interstitial 

mononuclear cell infiltration and multiple, comparatively large nodules 

around disintegrated schistosomula . The latter lesions were character­

istically distributed near the edges and in the interstitium of the 

lung. Some of them revealed giant cells and fibroplasia while others, 

probably newly formed, consisted predominantly of mononuclears and 

eosinophils (see Plate 2) . In addition, there was an intense focal 

perivascular infiltration of eosinophils and neutrophils. Some such 

vessels showed subintimal eosinophilic infiltration and swelling of 

their lining endothelial cells . By day 24 relatively few of the focal 

lesions could be seen but some of these near the borders of the lung 

had coallesced substituting the alveolar pare nchyma. The perivascular 

i nfiltrate now compri sed predominantly mononuclears. At day 32, no 

schistosomula associated with discrete lesions could be seen. However , 

there was a heavy perivascular infiltration involving most parts of 

the lung. Signs of fibrosis were observed at the edges of the lung. 

At day 46, the lungs presented a fai rly normal appearance except for a 

single nodule containing a few giant cells and polymorphs. In the 

centre of this nodule was a degenerated parasite containing a large 

airount of black pigment. This parasite was obviously not a lung-form 

schistosomulumand it must be assumed that it either developed into a 

feeding worm ectopically in the lung or had travelled to the lungs from 

the portal system. This lesion appeared to be becoming organized by 

fibrous tissue. Some perivascular mononuclear cell reaction was still 

apparent though much less pronouned than at day 32 and wa s largely con­

fined to minor branches of the blood vessels. Focal pigmentation occurred. 

At day 64, there was a similar degree of lymphoid reaction around blood 

vessels and pigmentation of the alveolar macrophages, A mild degree of 

peribronchial lymphoid hyperplasia was evident and th is persisted 

though with reduced intensity at day 90, Slight mononuclear cell 

aggregation around some of the pulmonary bronchioles and blood vessels 



could be seen at day 140. However , there was a relatively large 

inflammatory focus around a dead parasite at the lung edge in one 

series of the sections. This lesion was organised and inside it a 

few emphysematous alveoli , bronchial remnants and vessels were still 

discernible. At day 230, there was a fairly marked infiltration of 

lymphycytes and polymorphs around bronchi and arterioles in one part 

of the section. The alveolar parenchyma in this vicinity showed areas 

of collapse and emphysema with some accumulation of lymphocytes , 

polymorphs , macrophages and nuclear fragments . Though no parasite re­

mains were seen this lesion may have represented further resolution of 

a similar lesion to that described at day 140. Diffuse changes were 

minimal, with only very few pholymorphs and other inflarrrnatory cells 

in the interstititial tissue. 

In liver sections, no schistosomula were fo und at day 5 and 

there we re no pathological lesions in the organ. At day 12, a few 

intact schistosomula free of surrounding reaction were seen in small 

portal venules and their numbers increased by day 14, when there was 

also a slight intra-lobular infiltration of mononuclear cells. At day 

18, many schistosomula were seen and although some of them were free 

of local inflammatory reaction, the majority occurred in vessels sur­

rounded by monoculear cells and eosinophils (see Plate 3). In addition, 

severe portal phlebitis with a dense accumulation of mononuclears and 

eosinophils was found in association with dead schistosomula inpacting 

portal veins (see Plate 4). At these sites, inflammatory cells extend­

ing from the perivascular zone surrounded degenerated and necrotic 

hc~Jtocytes in their immediate vicinity. In addition, circumscribed 

foci of coagulative necrosis resembling infarcts were seen in the 



Legends to plates. 

The sections represented in plates 2-6 were from mice 

infected with 500 S . mansoni somules irradiated with 2 . 3 kr . 

The sections were stained with haematoxylin and eosin . 

Plate 2. 

Plate 3. 

Section of lung 18 days post infection 

(x230) , showing a cellular nodule compri ­

sing mononuclear cells and eosinophils 

surrounding a degenerating schistosomulum. 

Section of liver 18 days post infec tion 

(x 330) showing a worm in a portal venule 

eliciting an infiltration c omprising 

rnononuclears and eosinophils. 





Plate 4 . 

Plate 5. 

Section of liver 18 days post infection 

(xl50) showing a degenerating worm 

surrounded b y a cellular infiltrate of 

mononuclear cells , eosinophi ls and 

giant cells. 

Section of liver 24 days post infection 

(xlOO) showing a circumscribed focus of 

coagulative necr,osis containing degener­

ate, necrotic hepatocytes and surrounded 

by inflammatory cells. 





parenchyma (see Plate 5) . In the centres of these necrotic masses, 

serial sections revealed disintegrated parasites , pigment and dead 

neutrophils. These three types of lesion , represented in plates 3 , 

4 and 5 probably represent differing stages in the evolution of 

lesions associated wi th intravascular death of the parasite . At day 

24, such lesions were more pr~nounce d . There was severe inflammation 

of the portal veins due to dead worms and there was comparatively more 

wide-sp:read infiltration of ITPnonuclear cells and eosinophils in 

between the surrounding parenchymal cells . Several intra- parenchy mal 

nodules contai ning sch i stosomular remnants , inflammatory cells and 

necrotic l ive r cells were seen , the hepatocytes periphe r a l to t hese 

nodul.es wer-e also affected and showe d vacuol iza t i on a n d pyknosi s . At 

day 32, however, there was evidence of a starting re solution of the 

les i o ns with fewe r inflammatory nodules and necroti c foci. However, 
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a patc hy re s idual infiltration of ITPnonuclear cells and eosinophils 

was still present. At day 46 the liver was essentially normal apa rt 

from swelling and proliferation of the Kuppfer cells. A single v e ry 

small granuloma around a calcified egg was seen. It comprised epi­

thelioid cells, fibroblasts and a peripheral ring of round cells. At 

day 64 a single area of phlebitis was seen with infiltration of mono­

nuclear cells, polymorphs, eosinophils and macrophages perivascularly. 

The reaction extended along the length of the portal vessel but the 

lesion could not be associated with parasite remnants. There were, 

again, small collections of mononuclear cells intralobularly with some 

pigment accumulation within the Kuppfer cells. At day 140 a few eggs 

and shells were seen insidP small portal vessels. They were engulfed 

by giant cells, often impregnated with pigment and incited little or no 

mononuclear cell reaction (see Plate 6), There was a mild focal peri­

vascular lymphocytic infiltration around portal vessels. One portal 

branch, containing an intact worm was, however, surrounded by a :rela-



Plate 6. Section of liver 140 days post infection 

(x330) showing abnormal S . mansoni eggs 

inside a small portal venule . The eggs , 

lacking miracidia and impregnated with 

pigment , have elicited minimal cellular 

reaction . 





tively marked cellular reaction comprising a mixture of lymphocytes 

and eosinoph i ls , Othe r intact worms were seen in other vessels 

elici ting no surrounding reaction. At 230 days, the sections showed 

more accentuated but essentially s imilar changes to those described 

at 140 days . That is, dead calcified eggs (? eggshells ) in small 

venules , often enclosed by giant cells , flukes in the larger vessels 

evoking a mild or moderate , predominant ly lymphocytic , perivascular 

infiltration and marked accumulation of pigment. 

5. 5 , 3 . A further study was performed to assess the relative involv-

ment of the lungs and liver as sites of the focal pathology consequent 

upon the death of schistosomula irradiated with 4 or 10 kr. 

Experiment 14. 

1 17 

Mice were infected as in e xperiment 13 but with 500 somules 

irradiated with 4 or 10 kr. Two mice for each radiation dose were 

killed on days 5, 13, 23 and 33 post infection and the livers and lungs 

serially sectioned. 

The histopathological changes observed were identical in kind 

to those described for the 2.3 kr infection. At day 5, a few intact 

schistosomula, largely devoid of cellular reaction were seen in the 

lung sections from mice in both groups. However, by day 13 numerous 

cellular nodules were seen, surrounding degenerate schistosomula. By 

day 23 and 33 such lesions had become successively less numerous. 

Focal host cellular reactions to parasites in the liver were first seen 

in the 13 day sections, at which time they were comparable in number in 

both groups, Very few such lesions were seen at 23 and 33 days in the 

10 kr group but in the 4 kr group the numbers were increased somewhat 



at day 23 and comparable nwnbers were again seen on day 33. 

5 . 6 The M.S.D. for S. mattheei infections . 

In the next three experiments comparative observations were 

made on the effects of low levels of radiation on S . mattheei infec­

tions. Taylor (1975) showed that when cercariae of S . mattheei were 

exposed to 6.0 kr no worms survi ved to maturity in mice . Exposure to 

3.0 kr resulted in about 2% survi val , while exposure to 1 . 5 kr result­

ed i n comparable recoveries to the unirradia t ed infect i on . 

5.6.l Experiment 15 . 

In order to e sta blish an M.S.D. for S. mattheei infectior.s 

mi ce were each infected with 125 cercariae expose d to a range of 

radiation doses from O - 3.0 kr. The mice (9-10/group) were pe rfused 
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9 week s after infection and the livers checked for eggs by examination 

of squashes of liver tissue. The viability of any eggs present was 

assessed in hatching tests. The results are shown in figure 4a. 

Exposure of cercariae to radiation doses up to 1. 5 kr had no signifi­

cant effect upon adult worm recovery and viable eggs were present in 

all mice examined. There was a significant reduction in the number o f 

worms recovered from mice infected with cercariae irradiated with 2.0-

3.0 kr. Eggs were found in 6 of the 10 mice exposed to ce rcariae 

irradiated with 2.0 kr but they proved non-viable in the hatc hing tests . 

No eggs were seen in the liver squashes of mice infected with cercariae 

irradiated with 2.5 or 3.0 kr and the hatching tests proved negative. 

On the basis of this result 2,5 kr was taken at the M.S.D. for S,matheei 

infections comprising 125 cercarlae . However , 3. 0 kr which resulted 



in a 12% recovery in the above experiment was used to attenuate .::_ 

mattheei infections in studies of the development of resistance to 

reinfection in mice ( see Chapter 7 ). 3. O kr was also used in vaccina­

tion studies in sheep (Taylor~-• 1976) . 

5.6 . 2 Experiment 16 . 

1 .!. !} 

This study was designed to follow the survival of worms 

exposed to 3.0 kr. I-lice were infected percutaneously with 200 cercariae 

either unirradiated or irradiated with 3.0 kr. At various times a ~ter 

infection 8-10 mice from both groups were perfused and the worms count ­

ed. The results are shown in figure 5 (page 104). Percentage recover­

ies from the unirradiated infections increased to a plateau at 20-25 

days representing a 30-35t recovery. Recoveries from the 3.0 kr . in­

fections showed a parallel increase up to day 15, when there was a 17\ 

recovery , and thereafter declined to around 0.5%, a level that persist­

ed up to 120 days. No deaths attributable to the irradiated infection 

occurred during this study and no eggs were detected in squash examina­

tions of liver tissue. This is not s urprising s ince , of the mice killed 

on days 45-120, 30% were parasite free and the mean r ecove ry was only 

one worm. Thus these results indicate that infect ion of mice with 200 

cercariae irradiated with 3.0 kr was not an effective schedule for 

establishing a "sterile" worm population, al though 3 .0 kr has been suc­

cessfully used to establish sterile worm populations (see Chapter 7). 

5,6. 3 Experiment l 7. 

As the M.S.D. established in this experiment was to be used 

in immunization experiments in sheep (Taylor et al., 1976~ Bickle et al , 
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Appendix 4 ) , relatively large numbers of somules were used and 

were administered by intramuscular injection . Mice in each of 5 groups 

( 5 mice/group) received the following numbers of somules: - 970 irradi ­

ated with 2 . 3 kr, 810 irradiated with 2 . 5 k r, 740 irradiated with 2 . 7 

kr, 795 irradi ated with 2.9 kr or 995 irradiated with 3 . 1 kr. The mice 

we re perfused 10 weeks later , the worms counted and the livers checked 

for eggs . The results are shown in figure 4b . All of the mice exposed 

to schistosomula irradiated with 2.3 kr had died with typical murine 

hepatosplenomegaly. The worm recovery fl"Om the mice infected with 2.5 

kr somules was 15.4% . Eggs were seen in liver squashes of all 5 of 

the mice and although the vast majority were black and apparently non­

viable, miracidia appeared in the hatching tests proving the viability 

of some . No eggs were seen in the liver squashes of mice infected with 

somules irradiated with 2.7 - 3.1 kr and no mirac idia were seen in the 

hatching tests. All of the mice were round to harbour parasites. 

Staining of the worms e xposed to 2.7 kr , which was taken as the M.S .D., 

l"evealed that although none of the females possessed a visible ovary , 

51% of the males had visible testes. However, more females survived 

the il"I'adiation ( cf= 19%, 9 = 68%, worms of indeterminate sex = 13%). 

5 .7 Discussion. 

As was reported by Radke and Sadun (1963) and Erickson and 

Caldwell (1965) exposure of s. mansoni cercariae to increasing doses of 

radiation from O - 3 kr resulted in a virtually linear decrease in the 

number of parasites surviving to perfusion 8 weeks post infection. 

S. mattheei cercariae behaved somewhat differently. Doses up to l. 5 kr 

had no significant effect on the percentage recovery of adult worms, a 

near linear decrease in recovery occurring between l. 5 - 3. 0 kr, 

Further differences were observed in the susceptibility of these two 

parasites to particular radiation doses, e.g. exposure of mice to 125 



cercariae irradiated with 3 kr resulted in a 12.5% reco very of .§..:_ 

mattheei worms whereas no S. mansoni worms survived this radiation 

dose. 

The minimum dose of radiation (M.S.D.) that prevented egg 

production by S . mansoni infections was found to be between 2 . 0 - 2.5 

kr , thus agreeing with the results of previous authors cited in the 

introduc tion to this chapter. When mice were injected with 500 som­

ules , it was found that 1 ou t of 6 mice infected with 2.5 kr organisms 

was parasite free, while eggs were present in mice infected with 2.1 

kr organisms. Thus 2.3 kr was taken as the M.S . D. for infections of 

around 500 larvae and this dose was subsequently used in vaccination 

experiments (Chapter 6 ). Stunted , largely sterile worm infections 

were consistently pl'Oduced with this radiation dose resulting in per­

cen tage recoveries in the range 1.0 - 4 . 4% . The results of experiment 
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11 showed that despite the fact that a high pl'Oportion of the irradiated 

parasites r eaching the liver died between 14-46 days post infection, 

thereafter the percentage survival remained relatively constant at be­

tween 2-3% until the termination of the experiment 200 days post infec­

tion. The fi nding of eggs in experiments 10 and 13 show that 2.3 kr is 

not an absol ute sterilizing dose for S . manson i infections. As mentioned 

above, the choice of 2.3 kr represents a compl'Omise between the need to 

avoid the pathology caused by eggs and the need to consistent ly pl'Oduce 

stunted infections with a rmn,:geable number of infective larvae. The 

random nature of radiation damage and the general variation in bio­

logical vigour inevitably results in some parasites suffering more 

damage to vital organs than others. This is evidenced by the fact that 

only a small proportion of parasites survive at all and amongst those 

that do there is a considerable range of morphological abnormalities. 



Thus it is not s urpris ing that eggs should occasionally be encountered 

i n infec tions wi th 2 . 3 kr larvae particularly whe n vast numbers of 

cercariae or somules are used for infec tion such as the 2 , 400 /mouse in 

e xperiment 10. 

However , a number of f acts indicate that the 2 . 3 kr infec ­

tions invariably produc e only egg shells. Even wi t h t he 2.1 kr infec­

tions in expe r iment 9 , no miracidia were seen i n the hatchi ng tests , 

although eggs were readily seen in li ver squashes . Minimal host cell 

response was observed around the few eggs seen in the livers of mice 

infec ted wi th 2 . 3 kr larvae i n e xpe rimen t 13 and the eggs themselves 

lacked any vi s ible miracidial remnants ( see p late 6 ). On a n ult ra­

structural level, Dr. J ohn Shaw (pers onal communication) has s hown 
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that abo ut 5% o f the femal es i n a mixed infec tion exposed to 2 . 3 kr 

pos s essed vitelline cells which were neverthele s s rarely or gan i sed into 

a well de veloped vitelline gland. Of those that did poss ess a vi tel­

line gland and thus were capable of forming and discharging egg s hell 

material, only a few possessed an ultrastruc turally normal ovary. 

Thus more females had the potential, in morphological t e rms, to produce 

only egg shells than to produce ova. 

Staining and microscopic examination of the 2.3 kr worms from 

experiment 9 revealed that while none of the females possessed a 

visible ovary, 43% of the males possessed testes. This indication that 

the sterility of the 2.3 kr infections was due to sterility of the 

females was investigated by infecting mice with irradiated worl!W3 of one 

sex and unirradiated wor1111 of the opposite sex, (experiment 10). In 

terms of the number of worms surviving to perfusion, females were less 
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susceptible to the effects of 2.3 kr than males . This predombance of 

females over males has been observed in virtually all of the infections 

with 2 . 3 kr worms ( see Chapter 6 ). Similarly Perlowagora-Szumlewicz 

(1964a ) reported that in infections with 2.0 kr cercariae, female worms 

consistently outnumbered males. Greater susceptibility of male worms 

than females to the effects of ionizing radiation has been reported 

with other helminth spec i es : Oesophagostomum radiatum (Riek and Sadun , 

1960 ), Dictyocaulus filaria (Jovanovi c et al. , 1961 ), Ancylostoma 

can inum (Miller, 1964). 

The egg recovery data from experiment 10 clearly shows that 

the sterility of the 2. 3 k r infections is due predominantly t o 

sterility in the females , the irradiated males being almost as fertile 

as unirradiated males when paired with normal females. However, such 

irradiated males did not constitute as competent partners for the 

irradiated females as did normal males this being reflected in an over­

all lower fecundity and a shift to the liver in the distribution of 

eggs . Thus the percentage of total eggs found in the livers of 

mice infected with irradiated females and normal males was 6St as 

compared with 91% i n the mice in fected with irradiated females 

and males . This finding may well be partly explained by the 

observation of Oliveira~- (1971) that in mice infected with cer­

cariae irradiated with 2.5 kr, 91\ of the worms were found in the liver 

as compared with only 15\ in an unirradiated infection, this inability 

of the irradiated worms to occupy a normal position in the host possibly 

reflecting the fact that they were markedly smaller than normal worms. 

Particularly characteristic abnormalities most co111110nly amongst the male 

worms were the haematin filled dilatations of the ca~cae, also noted by 
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Perlowagora-Szumlewicz ( 1964a) . Villella and l-leinbren ( 1965) similarly 

reported that radiation in the range 2 . 0 - 2 . 5 kr resulted in a de­

crease in body length , parenchymal vacuolation and ventricular swelling. 

The above observations on the fecundity of 2 . 3 kr-irradiated 

worms have important practical implications for the theoretical use of 

' sterile ' worm infections as a means of stimulating resistance . Thus , 

although the 2.3 kr infections produce very few eggs which themselves 

elicit a minimal host reaction , a proportion of both the males and the 

females could constitute fertile partners for any invading normal 

worms in the event of resistance being only partial. Perlowagora­

Szumlewicz ( 1964c and 1966) who performed a similar study with infec­

tions irradiated with 2.0 kr also observed that the irradiated worms 

could reproduce successfully in the presence of unirradiated partners. 

The M.S.D. established for S. mattheei somules injected in­

tramuscularly was 2,7 kr. This confirmed the earlier observations 

that S. mansoni with an M.S.D. of 2.3 kr was more susceptible to the 

effects of radiation than S. mattheei. Despite the very low recovery 

of 3.0 kr parasites in experiment 16. infections with S. mattheei 

larvae exposed to 3.0 kr successfully produced sterile wonn infections 

in three experiments, reported in Chapter 7 • giving recoveries of 3. 4 • 

2.7. 2.9. 3 .1 and 6.1\ 

Interpretation of the data on the migration and site of 

death of irradiated s. mansoni schistosomula depends upon understanding 

the route of migration of unirradiated infections. Clegg and Smithers 

(1968) showed that about 30\ of unirradiated cercariae which enter the 



skin of mice die there shortly afterwards. As only 30-40% of the in­

fecting larvae establish themselves as adult flukes a further 30- 40% 

must die somewhere on route from the skin to the liver and mesenteries. 

Miller (1976 ) proposed a systemic route for the migration of S . mansoni 

in mice . Thus , schistosomula reach the lungs largely v i a the vascular 

system , although a small proportion enter the lymphatic s . Following 

arrival in the lungs , the majority migrate t hrough the capillary bed 

to enter the systemic c irculation and are t hus passively transported to 

the various organs of the body. Miller postulated that approxi mately 

10% of the larvae would reach the li ver and mesenteri es at this time , 

the rema i nder mi gr at i ng through the cap illary beds of the various other 

organs of t he body, eventually to return to the lungs and so commence a 

f urthe r s ys temi c c ircuit. Hi stol og i cal sec tions reveal schistosomula 

in virtually e very organ of the body i ncl uding the brain (M. Ni lsson, 

pe rsonal communic ation) thus supporting thi s proposed systemi c route . 

The negligable recovery of schisto somla from the lungs of mice 

infected with percutaneously applied cer cariae or intramus c ularly in­

jected somules irradiated with 40 kr indicates that the larvae failed 

to reach and/or penetrate blood vessels in the skin or mus cle and thus 

presumably perished at these sites of infection. Similarly, the low 

recovery of schistosomula from the lungs of mice infec ted with 20 kr 

larvae indicates that a large proportion must have stayed near the site 

of infec tion. The extremely low recoveries from the liver indica t e 

that most of the 20 kr parasites that did reach the lungs died there, 

although a very small proportion could have died in other organs of 

the body during the systemic migration. The fact that no parasites 

were recovered from either the lungs or the liver 20 days post infection 

indicates that the 20 kr infection had died out by this time although 

the possibility that parasites may have pel"81sted in the skin. muscle 
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or other organs of the body cannot be exclude d. Hsu et al. (1 963a ) 

reached similar conclusions with regard to infections with ~ 

iaoonicum cercariae exposed to 24 and 48 kr. Their histological sec­

tions of lung tissue revealed minimal reac tion in the 24 kr infec tion 

while in the 48 kr infection no schistosomula or their remnants were 

detec ted. With neither radiation dose were schistosomula seen in 

liver sections. However, in the skin , lesions associated with dying 

larvae were most pronounced . In the 24 kr infections, degenerate 

schistosomula were seen in the skin up to 21 days post infection show­

ing that , although unable to penetrate blood vessels , the larvae can 

survive for a relatively long period of time extravascularly . Despite 

the fact that such high doses evidently prevent the vast majority of 

parasites leaving the site of infection, Lichtenberg and Sadun ( 1963) 

reported finding a degenerate schistosomulum in the lungs of a mouse 

50 days after infection with 200 cercariae irra diated with 50 kr . 

Furthermore , a single granuloma containing the remains of a metazoan 

parasite,presumably a sch istosomulum, was seen in the liver sections 

from a similarly infected mouse in this study. 

Unlike the 20 kr infection, lung recoveries from the 2 . 3, 

4.0 and 10.0 kr infections peaked at the same time as those from the 

unirradiated infection and although the peak recoveries we re consist­

ently lower amongst the irradiated infections, the differences were 

not consistently significant. While it i s possible that significant 

diffel"'ences would have been recorded had the sample size been increased, 

the results do indicate that exposure of larvae to 2. 3 - 10 kr does 

not result in marked radiation-induced mortality at the site of infec­

tion or in a delay in arrival in the lungs. Lichtenberg and Sadun 

(1963), however, reported that granulomas associated with dead parasites 
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were more common in the skin of mice infected with S. mansoni cercariae 

irradiated with 5 kr than in unirradiated infections. Hsu et al . 

(1963a) reported that exposure of S . japonicum cercariae to 6 kr did 

not result in an increase in deterioration of parasites in the skin or 

significantly alter the rate of migration , while exposure to 12 kr 

resulted in a slight retardation but not increased mortality . Subse ­

quent to the peak , the lung recoveries showed a similar pattern of 

decline in both the irradiated and unirradiated infections giving no 

indication that the irradiated parasites suffered either delay or 

enhanced mortality in the lungs . 

However, e xposure to 2 . 3, 4 and 10 kr resulted in an altered 

recovery from the liver. In the unirradiated infection , the numbers of 

worms recovered by perfusion increased stetidily from days 4 - 26 . Re­

coveries from the 2.3 kr infections showed a parallel rise until day 12 

and thereafter f e ll. Similarly, in experiment 11, the recoveries of 

2.3 kr and unirradiated worms were virtually identical up to day 14 but 

by day 18 a sharp drop in recovery of 2.3 kr worms had occurred. This 

peak on day 14 represented a 25\ recovery of irradiated parasites as 

compared with the 33\ plateau recovery of unirradiated worms, The 

histopathological studies on 2.3 kr infections s how that the focal 

lesions around dying schistosomula in the lungs, first apparent on day 

12 were most numerous on day 18 becoming successively less frequent on 

days 24 and 32, The pronounced pathology on day 18 in the lungs to­

gether with the somewhat reduced peak recovery from the liver indicates 

that exposure to 2.3 kr caused a proportion of the parasites to succunb 

in the lungs between days 12 - 24. Furthermore, the relatively marked 



drop in perfusion recoveries that occurred around day 14 - day 18 

indicates a considerable mortal i ty at around the same time amongst 

the worms that had reached t he l i ver . The histological sections of 

liver tissue revealed that the focal lesions around dy ing parasites 

first became apparent on day 18 , were most pronounced and numerous 

on day 24 and had declined in number and undergone considerable reso­

lution by day 32 . Lichtenberg and Sadun ( 1963 ) studying the fate of 

2.5 kr worms did not look at sections of tissue taken between days 

14 - 28 post i nfection and thus although the ir report of s poradic 

granulomas i n t he lungs and l iver at t hese two t imes is consistent 

with what was found in t he present study, they would ha ve missed the 

time o f maximum death an d res ultant patho logy. Hsu et al. {1963a) 

concluded that S . japonicum parasites expose d t o 1.7 or 3,0 kr unde r­

we nt a relatively normal migration to the liver where the majority 

died between days 15 - 21. 

Subsequent to the death of most of the 2. 3 kr worms during 

the first 2 - 4 weeks of infection sporadic focal lesions were foun d 

in both the lung and the liver up to 230 days post infection. The 

history of the parasites responsible for the defined lesions in the 

lungs on days 46, 120 and 230 is uncertain. They could have been de­

layed in the lung and developed ectopically or moved somehow from the 

liver to the lung. Certainly the parasite seen in the lesion on day 

46 was considerably more advanced than a lung-form schistosomulurn. 

Al though a small proportion of the 2. 3 kr worms can persist for long 

periods of time in the portal system, spoNdic degeneration will occur 

with resultant pathology as was observed on days 64 and 140. 
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The percentage recoveries , frorn the liver , of parasites exposed 

to 4 kr paralleled those from the unirradiated and 2 . 3 kr infections up 

to day 6 and thereafter showed a gradual decl i ne . Recoveries from the 

10 kr infection remained low throughout with maximum recovery on day 

16. Thus as the dose of radiation is increased from 2.3 to 4 . 0 to 10.0 

kr so fewer parasites reach , or at least are recoverable from, the liver. 

With both 4 and 10 kr infections focal lesions associated wi th dying 

parasites in the lungs were mo~t frequent 13 days post infection , the 

numbers having decl i ned success i ve ly by day s 23 and 33. Thus of the 

paras i tes t hat fa il t o reach the liver a proporti on d i e i n t h e lungs. 

The ver y low r ecovery of 10 k r par asites from the lungs and l iver 26 

days post infec tion togethe r with the fact that the n umbers o f l es ions 

a ssociated with de generate p arasite s in both of these organs had de­

clined by this time s hows that the vast majority had perished during 

this first 3 - 4 weeks of infection. The p a rasites that escaped from 

the site of infec tion pre sumably died in the lungs a nd in the various 

other organs of the body during their systemic migration such that only 

a relatively small proportion reached and died in the liver. Larvae 

exposed to the lower doses 4 and 2.3 kr had an increased mean survival 

time this being reflected in more parasites reaching the liver and, 

with a dose of 2.3 kr, surviving there for long periods. The conc lu­

sions concerning the site of death of S. mansoni parasites exposed to 

o - 10 kr are intermediate between the conclusions of Lichtenberg and 

Sadun (1963) and those of Erickson and Caldwell (1965). Lichtenberg 

and Sadun (1963) concluded that the majority of schistosomula exposed 

to 5 kr died in the lungs whereas Erickson and Caldwell (1965) conclud­

ed that the majority of schistosomula irradiated with 8 kr died in the 
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liver. The former study was based entirely upon histological observa­

tions and perhaps the most critical period between 14 - 28 days post 

infection was not studied. Erickson and Caldwell (19 65 ) recovered 

parasites from the lungs and liver and reported a peak recovery of 8.0 

kr worms from the liver on day 14 , representing about 30% of the number 

of worms ultimately recoverable from mice infected with unirradiated 

cercariae. By comparison, in the present study, the peak recoveries of 

4.0 and 10.0 kr worms from the liver represented respectively 33% and 

18% of the final rec,;,,ery of unirradiated worms. Thus the 8. 0 kr para­

sites studied by Erickson and Caldwell behaved similarly , with regard 

to their ability to reach the liver, to the 4 kr parasites in the 

present study. Hsu e t a l. ( 1963a ) concluded , on t he basis of histo­

logical e vidence , that wit h an e xposure of 12 kr, the skin , lungs and 

l ive r played nearly e qual r oles as organs of destruction of S . 

japonicum s chis t osomula . 

The nature and resolution of lesions associated with dying 

schistosomula in the lungs and the liver were essentially as descr ibed 

by the above authors. The c lose association of the dying and degenera­

ting parasites with the surrounding inflammatory cells of the host 

would seem to provide an ideal site for recognition of parasite antigens, 

both metabolic and somatic. This idea that the schis tosomuliir granuloma 

may be important as a site of generation of an immune r esponse is f ur­

ther developed in Chapter 6. Although such lesions show comple t e reso­

lution the clinical significance of the transient pathology remains un­

known. Furthermore, the consequences of irradiated parasites dying in 

other organs of the bod} during their systemic migration have not been 

investigated, 



CHAPTER 6. STUDIES ON THE DEVELOPMENT OF RESISTANCE FOLLOWING 

EXPOSURE TO RADIATION-ATTENUATED S . MANSON! INFECTIONS . 

6 . 1 Introduction . 

Resistance following infection with radiation-attenuated 

cercariae has been studied in a variety of host/schistosome systems 

(S. mansoni : ~ - Villella et al (1961), Radke and Sadun ( 1963 ), 

Perlowagora-Szumlewicz and Olivier ( 1963) , Perlowagora-Szumlewicz 

(1964a, 1964c , 1966) , Erickson and Caldwell ( 1965 ), Murrell et al . 

( 1975 ); Rat - Smithers and Terry (1965c )o Rhesus monkey - Smi thers 

(1962) , Sadun et al. (1 964 ), Hsu et a l. (1969); Baboon - Taylor et al. 

(1976a). s . iaponicum: Mouse - Hsu et a l.(1 965a ); Rhesus monkey -

Hsu et al. (1962 , 1963b, 1965b, 1969, 1975); Chimpanzee - Hsu (1970 ). 

s . incosmitum: Mouse - Tewari and Biswas (1972). S. mattheei: Sheep -

Taylor Pt al (1976b). 
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The studies described here were designed to confirm and 

extend the results of previous investigations in order to provide a 

more complete analysis of the parameters involved in the induction of 

resistance against S. mansoni in the mouse. An efficient and reproduc­

ible vaccinating procedure would provi de a useful system for studying 

the mechanism of resistance thus avoiding the need to use pathogenic 

whole infections. Furthermore, it was hoped that these studies would 

help establish the feasibility of developing a live vaccine against 

schistosomiasis. 
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6 . 2 Effect of radiation dose . 

In the majority of reported studies mice were vaccinated with 

cercariae exposed to radiation doses of up to 10 kr and resistance 

assessed by challenge of the mice 6-10 weeks later . With i n this range 

of radia tion doses t he most successful protection was achieved wi th the 

low doses wh ich allowed survival of a small proporti on of stunted 

parasites (Villella et al , 1961; Radke and Sadun, 1963 ). Therefor e , 

the initial e xpe r iments reported here were des i gned us i ng an essent i a l­

ly s imila r pro tocol t o that employed by these latter two groups . 

6 . 2 .1 E><t>eriment 18 . 

Groups o f T.0.(A. S .L.) mi ce were infected with 200 cercariae 

irradiated with 3.0, 6 .0 or 10.0 kr, challenged 8 weeks later, t ogether 

with challenge controls, with 100 ce rcariae and perfuse d 8 weeks p ost 

challenge. A group o f 5 mice infected with 3.0 kr cercariae were un-

challenged serving as vaccine controls. 

The worm recoveries are presented in Table 9. Mo worms w 

recovered from the vaccine controls. The mean worm recoveries from 

all vaccinated groups were significantly lower than from the challenge 

controls. There was no significant difference between the mean re­

coveries from mice vaccinated with 3.0 and 6.0 kr cercariae but both 

were significantly l ower than the mean recovery from mice vaccinated 

with 10.0 kr cercariae (P <0.01 and P<0.02 respectively). 



~-
Woiw . ~coveries frvm ~ice vacc i na ted with 200 irradia ted ce rca riae , challen r,ed 

8 weeks l ater with 100 cerc-_ariae and perf\l$ed 8 weeks pos t challt!_n_g, 

NUlllber of Radiation 
Kean worm recovery (S. D. ) Percent 

Group mice per dose (Kr ) ct Reduc tion 
Si gnificance (P. ) 

9 l 
group 

1. Vacc . t Chall. 17 3.0 4. 7(3. 8) 6. 5( 5. 6) 11 . 2( 8. 9) 59 <0 .001 

2. Vacc.t Chall. 19 6.0 5. 2(2 . 9) 8. 1(4 . 4) 13. 3(6. 9) 52 <0 .001 

3. Vacc.t Chall. 22 10 .0 7. 3( 3. 6) 12. 7( 6 .1) 20 .0( 8. 8) 27 <0 .05 

• Ch. Co. 10 - 10 .9( 2. 5) 16. 6(5. 9) 27 . 5(8. 1) 



6 . 2.2 Experiment 19. 

This experiment was essentially similar to the previous one 

but included a group vaccinated with cercariae exposed to 2.3 kr , the 

dose selected in chapter 5 for producing a persistent s terile worm 

infection. 
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T.0.(A.S.L.) mice in each of three groups were infected with 

260 cercariae irradiated with 2 . 3 , 3 . 0 or 6.0 kr. Two subgroups from 

those infected with 2.3 and 3 . 0 kr cercariae were not challenged serv­

ing as vaccine controls . The remainder of the mice, together with a 

group of challenge controls , were challenged with 100 cercariae 8 weeks 

after vaccination. All the mice, including the vaccine controls were 

perfused 8 weeks post c hallenge. 

The worm recoveries are shown in Table 10. The vaccine con­

trols for the 2.3 kr infection harboured a mean worm burden of 10. 6 ! 

4.8 worms. A few malformed eggs were seen in the liver squash prepara­

tions from one of the eight mice but no miracidia were seen in the 

hatching test. The mean worm recovery from the 3.0 kr infec tions was 

1.1 ! 0.9. 2 of the 6 mice were parasite free and all of the worms in 

the remaining mice were extremely stunted. There were no significant 

differences between the challenge-derived worm recoveries (corrected 

for worms persisting from the vaccination procedures) from any of the 

vaccinated groups but all 3 were significantly lower than the mean worm 

recovery from the challenge controls, 



TABLE 10. I:xperiment 19 . 

Wor w recoveries from mice vacc inated with 260 irradia ted cercariae 1 challenged 

8 veeks later with 100 ce 8 weeks ~ s 

Group 

1. Yacc . Co . 

NUlllber of 
aice per 

group 

8 

2. Yacc . ♦ Chall . 15 

3. Yacc . Co . 6 

'I . Yacc . ♦ Chall. l 

5. Yacc . ♦ Chall. 14 

6 . Chall.Co . ll 

Radiation 
dose (kr) 

2. 3 

2. 3 

3.0 

3.0 

6.0 

Mean wo recovery (S.D. ) 

(j 9 l 

3. 8(2 . 8) 6 . 8(2 .7) 10. 6(4 . 8) 

8. 9(4.9) 12. 0(4 .0 ) 20 . 9(8 . 3) 

2 
1.1(0 . 9) 

6 . 3(2 . 5) 

5.9(1. 7) 

7. 7(2 . 6) 14. 0(4 . 5) 

6. 2(2 . 6) 12 .1(3 . 9) 

9. 7(4.9) 11 . 2(4 . 9) 20. 9(9 . 6) 

an worm recovery 1 Percen 
from challen~e (S . D. ) reduction 

10. 3(8 . 3) 

12 . 9(4 . 5) 

12 . 1(3 . 9) 

0 .9(9. 6) 

51 

38 

2 

llotes - l. Calculated where necessary by subtraction of the mean number of worms in the vaccine controls 

from the mean n r in the vaccinated and challenged group . 

Signifi­
cance (P) 

<0 .01 

<0 .02 

<0 . 01 

2. All of the wo recovered from these animals were very stunted and the majority of indeterminate sex . 



6.2.3 Experiment 20 . 

This experiment was designed to test whether CB A mice 

could be similarly partially protected. In addition to the radiation 

doses 2 . 3 and 6.0 kr that had been successful used above,a dose of 

30 kr was also included as such high doses had been successfully used 

by Hsu et al. ( 1969 ) in rhesus monkeys. Vaccination by injection of 
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500 irradiated somules was chosen as a result of the findings in 

e xperi ment 26 , section 6.5 , that such vaccination could be as effective 

as percutaneous infection with cercariae . Challenge was delayed until 

12 weeks post vaccination because it was thought possible that the 

persistent survivors of t h e 2.3 k r would by tha t time have boosted the 

res i s t ance. 

Groups o f CB A mice we re vacc inate d by intramuscular in­

jection of 500 somules irradiate d with 2 . 3, 6 . 0 o r 30 k r. The mice 

were c ha llenged 12 weeks later with 100 cer cariae a nd pe r fused 8 weeks 

pos t challenge. Appropriate vacc ine- and challenge-c ontrols were 

included. 

The wonn recoveries are presente d in Table 11. The vacc ine 

c ontrols for the 2.3 kr infection harboured a mean o f 5 ,0 ! 3,1 s t e rile 

worms; no eggs were seen in liver squash pT'eparations from any of the 

mice. The challenge-derived worm recoveries from all 3 vaccinated 

gruups were significantly lower than from the challenge controls, The 

greatest degree of resistance was observed in the group vaccinated with 



~ - Experiment 20 . 

Worm recoveries from CB A mice vaccinated with 500 somules irradiated with 

2.3- 30 kr , challenged 12 weeks later with_ lOO cercariae and perfused B weeks post challeng, 

NUlllber of Radiation 
Hean worm recovery (S.D. ) t1ean worm Percent Significance 

Gro~ aice per dose (kr) 
recovery ::°~ , reduction (P.) 

group c! 9 l 

l. Yacc Co . B 2 . 3 1.9(1.0) 3. 1(2 . 0) 5 .0(3 . 1) 

2. Yacc. ♦ Chall , 13 2 . 3 15 . 8(4.6) 8 . 4(3.4) 24 . 2(5 . 6) 19 . 2(5 . 6 ) 37 <0 . 001 

3. Yacc. ♦ Chall . 12 6 .0 14 . 8(6.l) o. 3( 3. 7 ) 21.l(B . 3) 21.1(8 . 3) '31 <0 . 01 

If . Yacc . ♦ Olall . 14 30 . 0 12 . 0(4.4) 4 . 9(3 . J ) 16 . 9(7 . 2) 16 . 9(7 . 2) 45 <0 .001 

s. Chall. Co . 14 - 20 . 9(4 . l) 9.6(2.7) 30 . 5( 6 . 8) 30. 5(6 . 8) 



30 kr somules although there were no significant differences between 

the worm recoveries from any of the vaccinated groups . 

6 . 2.4 In view of the success achieved by vaccination with somules 
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irradiated with 30 kr , a further experiment was set up to investigate 

the protective effect of somules e xposed to even higher doses of 

radiation ( 20-160 kr ). A group of mice given a primary infection with 

unirradiated parasites was included for compari son . 

Experiment 21. 

Groups of male C 8 A mice were intramuscularly injected with 

500 somules irradiated with 20, 40, BO or 160 kr . Mice in another 

group were injec ted with 35 unirradiated somules . The larvae exposed 

to all of the radiation doses appeared normally active at the time of 

injection. All the mice were challenged with 200 cercariae 10 weeks 

post vaccination and perfused 21 days post-challenge (see Append ix 1). 

The mean worm recoveries are presented in Table 12. The mean 

challenge-derived worm recoveries from all 5 of the experimental groups 

were significantly lower than from the challenge controls. The highes t 

degree of resistance was observed in the mice infected with 35 un­

irradiated somules. The mean challenge-derived worm recovery from 

these mice, although significantly lower than that from the groups vac ­

cinated with 40 and 160 kr somules (P <0.05 and P <0.02 respectively), 

was not significantly different from that from the groups vaccinated 

with 20 and 80 kr somules. The only significant difference between the 

worm recoveries from the vaccinated groups was between those infected 

with 20 kr and 160 kr somules (P <0.05). 



TABLE 12. Experiment 21. 

Wol'II reco~ries from mice given a primary (1°) i nfection of 35 cercar iae or vaccin.ned 

intr....,..cularl vith 500 somules irTadiated with 20 - 160 kr, challen d 10 weeks later with 200 

cercariae and perfused 21 days post challence 

Group 
Nud>e-r of mice Radiation Mean wore recovery Percent reduction Significance (P . ) 

per group dose (Kr) from challenge 

l. 1° ♦ Chall 7 0 16 . 7(11 . 2) l 70 < 0. 001 

2. Yacc. ♦ Chall. 12 20 22 . 1(12. 3) 60 <0 . 001 

3. Vacc. ♦ Chall. 10 40 26 . 3( 6 . 7) 5? < 0 .001 

11. Yacc. ♦ Chall. 10 BO 26 .8( 9.7) 51 <0 .001 

S. Yacc. ♦ Olall, 10 160 37 . 8(18 . 9) 31 <0 .05 

6. Chall, Co. - - 511 . 8( 13. 5) 

Note. 1. Hean recovery of primary infection wonns in group l was d'- 4 . 4 ! 1. 0 , 9- 4 . 
+ + - 1 . 7, Total 8 . 7 - (l . 7) . 



6.2.5. The results of the above 4 experiments indicate that the 

degree of resistance apparent upon challenge of mice 8-12 weeks post 

vaccination is comparable whether the vaccinating cercariae or somules 

are exposed to a low dose of radiation (2.3 kr) which allows persist­

ance of a small proportion of parasites as sterile adults or to higher 

doses (20 kr +) which appear to prevent the vast majority of parasites 

from leaving the site of infection ( see Chapter 5 ). Furthermore . the 

level of such resistance can be almost as high as that induced by a 

primary infection with unirradiated parasites . 
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6 .3 Time of de velopment and persistence of resistance in relation 

to radiation dose. 

In the majority of e xperiments reported in the literature and 

in all of those experiments described in section 6.2 the efficacy of 

vaccination of mice with S. mansoni cercariae or somules irradiated 

with varying doses of gamma- or x-rays has been assessed by challenge 

at one time point. usually 6-12 weeks post vaccination. The experi­

ments in this section investigate the relationship between the times of 

development and persistence of resistance and the dose of attenuating 

radiation. 

6.3.l The first experiment in this section is concerned with the 

time of development and persistence of resistance following vaccination 

with somules irradiated with 40 kr. 
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Experiment 22. 

Five groups of C B A mice were vaccinated by intramuscular 

injection of 500 somules irradiated with 40 kr . At intervals of 1 , 2 , 

4, 8 or 16 weeks post vaccination, the mice in one of these groups 

were challenged with 200 cercariae. Appropriate challenge controls 

were included and the mice were perfused 6 weeks post challenge . 

The worm recoveries are presented in Table 13 . The mean worm 

recovery from mice challenged one week post vaccination was not signi­

ficantly different from that of the controls but the mean worm recover­

ies from vaccinated mice challenged thereafter were significantly lower 

than from their respective challenge controls. The level of resistance 

of mice challenged 2 , 4 , 8 and 16 weeks post vaccination remained 

reasonably constant , viz. 39, 26, 28 and 31\. In summary , therefore, 

the resistance to challenge induced by vaccination with 40 kr somules 

first becomes apparent between land 2 weeks post vaccination and 

persists at a relatively constant level at least until 16 weeks post 

vaccination. 

6 . 3. 2 
The next 2 experiments were designed to compare the time of 

onset and persistence of resistance induced by somules exposed to 40 kr 

and lower doses of radiation. 

Experiment 23. 

Groups of CB A mice were vaccinated by intramuscular injec­

tion of somules irradiated with 2.3, 10, 20 or 40 kr. Half of the 



TABLI: 13 . !:5!! rioen t 22 . 

Won. recoveries from mice va cci nated with 500 somules irradiated with 40 kr , 

challenged 1- 16 weeks later with 200 cerca r iae a nd perfused 6 weeks 

Nuaber of Interval Mean won .; recove ry fs. D.) 

Group aice per to Challenge d 
Percent reduction Significance (P . ) 

group (weeks) 9 l 

1. Yacc. t Chall. 9 l 41.4( 6 . 7 ) 42 . 1(10 . l) 83 . 6( 15 . II ) - 3 >0 . 7 

2. 01&11. c.o. 9 1 4 3. 6( 9. 6 ) 37 . 11 ( 8 . 7 ) 81. 0(14 . 8 ) 

3. Yacc. t Chall . 10 2 23. 3( 5. 7) 24. 2( 7 . 2 ) 47 . 5(11.4) 39 <0 . 001 

... 01&11. Co . 10 2 39. 3( 8 . 7 ) 38 . 5( 6 . 1) 77 . 8(11.6) 

5. Vacc.t Chall . 10 II 37. 8( 6 .9 ) 28 . 6( 7 . 3) 66 . 11(12 . 6 ) 76 <0 . 001 

6. 01&11. c.o. 10 4 48 . 3( 6 . 1) 41.H 7. 0 ) 89 . 4(11 . 1) 

7. Vacc.t Chall. 10 8 32 . 2(10 . 2 ) 11 . 2( 11 . 8 ) 43.11(13 . 6) 28 <0 .01 

B. Olall. Co. 10 8 42 . 9( 8 , 7) 17 . J( 3. 7) 60 . 2(10 . 8) 

9 . Yacc. t Chall . 10 16 30 .0 ( 7 . 1 ) 24 . 7( 7 . 5) 54. 7( 13 . 7) 31 <0 .001 

10. Chall. Co . 10 16 45 . 2( 7. 6 ) 33 .9( 5. 0 ) 79 . 1( 7 . 5) 
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mice in each group were challenged 23 days later with 200 cercariae and 

the other half similarly challenged 56 days later. Appropriate chal­

lenge controls were included at each time. The mice were perfuse d 6 

weeks post challenge. 

The worm recoveries are presented in Table 14 . For the 23 

day challenge the mean worm recoveries from mice vaccinated with 10, 

20 and 40 kr somules were significantly lower than from the challenge 

controls but the mean recovery from the 2.3 kr group was not signifi­

cantly different. The greatest degree of resistance occurred in the 

20 kr group (41%) although the mean worm burden in this group was not 

significantly different from the mean worm burdens in either the 10 kr 

or 2.3 kr groups and only marginally significantly different (P = 0.05) 

from that in the 40 kr group, 
(The influence of the unusually high 

standard deviation of the mean worm burden from the 2.3 kr group (group 

2) on the result of the 't' test should, however, be noted). 

By 8 weeks post vaccination this pattern had altered. The 

mean worm burdens in the 2.3, 20 and 40 kr groups were significantly 

lower than in the controls and also than in the 10 kr group, the mean 

recovery from which was not significantly different from the controls. 

As in experiment 22, the degree of resistance manifest at 8 weeks by 

the 40 kr group was essentially similar to that apparent at the earlier 

time of 23 days, Similarly, the degree of resistance in the 20 kr 

groups had remained essentially the same. However, the level of re­

aietance of the 2.3 kr group had more than doubled while that of the 

10 kr group had more than halved. 



TABLE 111. Experiment 23 . 

Vona ~owries from !'lice vaccinated with 500 soroul diated with 2 . 3- 4n kri challen£ed 

either 23 or 56 da slater with 200 cercariae and rfu~ed 5 weeks st challenrc . 

Nimber of Radiation 
r.ean worm -recovery (S . D.) Percent Signi ficanc 

Group mice per dose (Kr) d 9 I reduction (P.) 

I 
l. Yacc. Co . 10 2 . 3 2 . 0( 1. 3) 2 . 3( l. 9) 4 . 3( 2 . 0) 

C • 2. Yacc. ♦ Chall . 10 2.3 43 . 7(15.8) 30 . 4(10.8) 74 .1( 25 . 0) 21 )0. 05 

... .... 
" .c 3. Yacc. ♦ Chall . 10 10 .0 33 . 4(12 . 0 ) 25 . 4( 8 . 3 ) 58 . 7(17 . 3 ) 34 <0 .001 
u 
>, 

~ 11. Yacc. ♦ Chall . 10 20 30 . 5(11. 7 ) 21. 7( 7. 2 ) 52 . 2(17 . 8) tjl <0 .001 

.., 
N 5. Yacc. ♦ Chall . 10 40 38 . 0( 9 .1) 28 .lj( 4 . 6 ) 66 . 4(11.8) 25 <0 .01 

6 . Chall . Co. 10 - 49 . 3( 9 . 2 ) 39 . 2( 8. 2) 88 . 5(15 . 4 ) 

' 
7. Yacc. C.O . 9 2 . 3 1. 3( 1. 1) 2 . u( 1.0) 3 . 8( 1.7) 

C 45 . 6(11.j . 7 ) • 8. Yacc. ♦ Chall. 10 2 . 3 23 . 9( 7.9) 21. 7( 8 . 1 ) 47 < 0 . 001 
.... .... 
" .c 9. Vacc . ♦ Chall . 9 10 . 0 36 .6(10 . 8 ) 30 . ~( 7 . 2) 67 . 0(17.3) 15 "> 0 . 1 
u 
>, 
- 10 . Yacc . ♦ Chall. 10 20 23 . 3(10 . lj ) 17 . 3( 5 . 6) 40 . 6(15 .0) 49 < 0 .001 

'° "' 11. Yacc . ♦ Chall. 10 40 33. 0( 8 . 8 ) 28 . 8( 7 . 8) 61.8(14 .() 22 < 0 .02 
... 

12. Chall . Co . 9 - 411 . l( 5 . 3) 34 . 9(10 . 6) 79.0(14 . 3) .... 
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Thus it appeared that somules exposed to increasing doses of 

radiation up to 20 kr produced increasing degrees of resistance early 

post vaccination. By 8 weeks, however, while the resistance induced by 

20 or 40 kr somules had remained constant , that i nduced by 2.3 kr 

somules , which produced a sterile wonn infection, had increased. 

6 . 3. 3 It was of obvious interest to see what would happen to the 

relative levels of resistance induced by organisms exposed to different 

radiation doses if challenge were delayed even longer. Thus a compari ­

son was made between the resistance apparent 6 weeks post vaccination 

and that apparent at 17 weeks. For comparative purposes a group of 

mice given a primary infection with 35 unirradiated cercariae was in-

cluded for the 6 week challenge. 

Experiment 24. 

Groups of CB A mice were vaccinated by percutaneous exposure 

to 500 cercariae irradiated with 2. 3, 10, 20 or 40 kr. Mice in a fur­

ther group were given a primary exposure to 35 unirradiated cercariae. 

This latter group together with half of the mice in each ~f the vacci­

nated groups were challenged 6 weeks post vaccination. The remainder 

of the mice were challenged 17 weeks post vaccination. Appropriate 

challenge controls were included at each time. Mice were perfused 21 

days post challenge. 

The worm recoveries are presented in Table 15. The mean chal­

lenge-derived worm burdens in all of the vaccinated groups were signi­

ficantly lower than in the challenge controls at both 6 and 17 weeks, 



TABLE 1 5. Experiment 7~ . 

Won recoveries fro■ 
sure to JS unirradiated 

r or Radiation 
Hean idult worm 1..:-, ·overy ( . D. ) Hean worm Percent Significance 

Group mice per 
recovery from 

dose (Kr) <! 9 f 
-reduction (P . ) 

E"~ 

l. 1° ♦ Chall . 9 0 6.4( 2 . 3) 5 . 0( 1. 5 ) 11.11( 3. 7) 8 . 1{6.9) 75 <O . 001 

C 
2. Yacc. ♦ Chall, 10 2 . 3 2 . 8(1.8) 11 . 9( 2 . 5) 7 . 7(3 . 6 ) 17 . 6( 8 . 5 ) 46 <O . 001 

• ... 14 . 4(6 . 2 ) 

.1 3. Yacc. ♦ Chall . 8 10.0 
56 (().001 

&: 
u 

-" 
II. Yacc. ♦ Chall . 10 20 

U . 5(3 . 6 ) 65 <0 . 001 

• • 19 . 9(11 . 8) 
:ll 5. Yacc. ♦ Chall , 10 40 

39 <0 .001 

,0 32 . 4(5 . 9) 
6. Ch. Co . 10 -

7. Yacc . ♦ Cllall. 10 2 . 3 2. 6(2 . 1) 3 .1(1.8) 5 . 7(3. 2 ) 20 . 5{5 . 2) 65 <o .001 

C • 8. Yacc. ♦ Chall. 10 10.0 
110 . 1(17 . •I) 32 <o .O 

... 
~ 
,:: 9. Yacc. ♦ Chall. 10 20 

32 . 9(9 . 2) 4~ <o .001 

u 
.>( 

: 10. Yacc. ♦ Chall. 10 40 
40 . 1( 13 . 1 ) 32 <o .0l 

:ll 

~ ll. Ch. Co. 10 
59 . 3(13. 2) 
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At 6 weeks maximum resistance was observed in the gro up in­

fected with unirradiated cercariae . Mean worm recoveries from the 

groups vaccinated with cercariae i rradiated with 2 . 3 , 10 and 20 kr 

were not significantly d i fferent , but the recovery from the 40 kr gro up 

was significantly higher than from either the 10 kr group ( p = 0.05 ) or 

the 20 kr group ( P <0.001). Whilst this pattern is essent i ally similar 

to that observed following the 8 week challenge in e xperiment 6 with 

regar d to the 2 . 3 , 20 and 40 kr vaccinations , the results for the 10 kr 

vaccination are somewhat different . The reasons for this discrepancy 

are not apparen t . 

By 17 weeks th e de gree of res ista n ce in the mi ce vaccina ted 

with 2. 3 k r ce r cariae had in c r e as e d while that in the 10, 20 a nd 40 k r groups 

ha d decl i ne d such that the mean worm rec overy from the 2. 3 kr group was 

significantly lower than from the mice vaccinated with 10 kr (P <0.01), 

2 0 kr (P <0.01) or 40 kr (P <0.001) cercariae. 

6. 3.4 Without laying too much emphasis on the statistical differ-

ences observed above, certain clear trends emerge from the above 3 

experiments. The resistance following vaccination with irradiated 

somules first becomes apparent between 1 and 2 weeks. The resistance 

apparent 3 weeks following vaccination i s greatest in mice vaccinated 

with 20 kr somules, and shows a fall off as the radiation dose is de­

creased to 2, 3 kr or increased to 40 kr. The level of res ista nce in­

duced by 40kr somules remains relatively constant between 2 and 16 

weeks. Similarly the resistance induced by 20 kr cercariae is compar­

able at 3 and 8 weeks but appears to drop a little between 6 and 17 

weeks. In experiment 25, Sflction 6.4, there was a slight decline in 



the level of resistance induced by 20 kr cercariae between 3 weeks and 

B weeks . The results with 10 kr vaccination are somewhat conflicting 

but both e xperiments 23 and 24 indicate a decline of resistance with 

time . In contrast , the resistance following vaccination with 2 . 3 kr 

somules increases wi t h time such that by 8 weeks it is comparable with 

that induced by 20 kr organisms and by 17 weeks somewhat higher. 

6 . 4 Compar ison of the resistance i nduced by large numbers of 

irradiated cercariae . large numbe r s of un i r r adiated 

cercariae of one se x and small numbers of cercariae of 

both sexes . 

1 l 

The i ncrease i n resistance with increasing radia tion dos e 

apparent at 3 we eks, described abo ve , indi cated that the r a diati on 

trea tment o f the larvae was in some way f undament al t o the deve lopment 

of resistance a t this time. The increase o f r es istance with t ime i n 

mi ce vaccinated with 2.3 kr ce r cariae or somules could b e at tributed to 

a concomitant type irrrnunity (Smithers and Terry, 196 8) stimulated by 

the small proportion of surviving sterile worms. Thi s interpre t ation 

is, however, inconsistent with the f ac t that infec tion with worms o f 

one sex fai JS to s timulate significant resistance to challenge 8 wee ks 

post primary infection (see Chapter 4). Re levant to bo th of these 

points are the results of the following experiment in which a compari­

son was made between the resistance apparent 3 weeks and 8 weeks 

following infection with irradiated cercariae, unirradiated male cer­

cariae or unirradiated cercariae of both sexes. 



Experiment 25. 

Groups of CBA mice were infected percutaneously with 35 

unirradiated cercariae of mixed sex, 300 unirradiated male cercariae 

or 500 of mi xed sex irradiated with 20 kr . Three weeks later half of 

the mice in each of these groups were challenged with 200 cercariae , 

the remaining half being similarly challenged 8 weeks after infection . 

Appropriate challenge controls were included at each of these times. 

All mice were perfused 21 days post challenge. 

The worm recoveries are presented in Table 16. The mice 

infected with irradiated cercariae showed a marked resistance to chal ­

lenge 3 weeks post vacci nation ( 80% fewer wo rms than the controls , 

P <0 . 001 ), while those given a primary bise xual infection were only 

marginally resistant (21%, P <0.05) and those infec t ed with unirradiated 

male cercariae were not significantly resistant (1 3% , P >O .l). By 8 

weeks, the mice harbouring the primary bisexual infection had developed 

a high degree of resistance to challenge (73%, P <0.001). The reason 

for the much lower primary worm burden in the group challenged 8 weeks 

after infec tion compared with that challenged at 3 weeks is unknown. 

Resistance in the group infected with irradiated cercariae had dropped 

from that evidenced 3 weeks post vaccination, although remained highly 

significant (58\, P <0.001). As in experiment 3, Chapter 4, the mice 

infected with 300 male cerc ariae showed no evidence of resistance 

against the 8 weeks challenge. 



TABLE 16. Experiment 25. 

Vona recoverit>s from mict' infected with 35 cercariae of mixed sexes, JOO male cercariae or 500 ct!rcari 

rn,.diated vith 20 kr, challenged 3 or 8 wet>ks later with 200 cerca.riat' and perfused 21 days post challeng, 

lature of 
N Ulllbt'r of Hean adult wora n!c:overy( S . D. ) l~UII ... ....... WI 

Percent Significance 
initial infection 

IIUCt' pt>r <! 9 l 
N!Covery from 

reduction (P . ) 
~ 

-L-1 , ____ 

I 
35 (d't9) 10 7.8( 1.11) 9 . 0(2 . 5) 16 . 8( 3 .1) 73 . 0(17 . 0) 21 <o . os 

C • 300 ( ") 8 109.5(51.2) 109 . 5(51. 2) 79.6(16 . 8) 13 >0 . 1 -➔ -
-➔ • .&. 
u 

500 (20kr) 9 18 . 6( 8 . 0) 80 <().001 - - -
..: • I ai. Co. 10 91. 9(18 . 3) .,, 

:. 35 ( 0 ♦ 0) 8 lf.O( 1.8) 3. 3(2 . 0) 7 . 3( 3. 3 ) U . 6(10 .7) 73 <0 . 001 
C: • 300 ( 0 ) 9 122.4(26.3) 122.11(26.3) lf0 . 1(13 . 7} 7 >O . 5 -➔ -... 
" s: 
u 

500 (20kr) 17 . 9( 6 . 6) 10 - - - 58 <0 . 001 ..: • I 
Ch. Co. 10 ~3.0( 8.6) OD 



Thus there are evidently fundamental differences between the 

time course of development of resistance following the three types 0 f 

infection described. Resistance following exposure to small numbers 

of cercariae of both sexes develops slowly , increasing markedly between 

3 weeks and 8 weeks. Resistance following exposure to large numbers of 

cercariae irradiated with 20 kr, however, develops rapidly , being high­

ly significant just 3 weeks after infection and appearing to decline a 

littl.e between 3 weeks and 8 weeks. Most interesting, in view of the 

success with irradiated cercariae is the demonstration that 300 un­

irradiated male cercariae which produce a massive worm burden fail to 

stimulate significant resistance to challenge given either 3 weeks or 

8 weeks post primary infection. 

6.5 Effect of size of vaccinating infection. 

Villella et al.. (1961), Radke and Sadun (1963) and Erickson 

and Caldwell (1965) reported that increasing the number of irradiated 

cercariae to which mice were exposed did not result in an increasing 

level. of resistance. This apparent lack of dose dependancy was invest­

igated in two experiments, one involving 2. 3 kr cercariae and the other 

40 kr somules. 

6. 5 .1. In this study tissue egg burden~ were assessed in order to 

test whether the observed protection in terms of worm recoveries was 

re.fleeted in reductions of tissue egg load. In addition to the invest­

igation of dose dependancy, this experiment also included the first 

attempt to induce resistance with intramuscularly injected somules or 



skin-somules . The influence of the size of challenge dose on the degree 

of resistance was also investigated. 

Experiment 26. 

Cercariae or sch i stosomula irradiated with 2.3 kr were used 

for vaccination. Groups of T.O .(A. S.L.) mice were infected with 500. 

300 or 200 cercariae or injected intram.sucularly with 210 somules or 

skin-somules , as shown in Table 17. Vaccine controls were included for 

the mice vacc inated with cercariae. but insufficient somules or skin­

somules were obtained for the establishment of vaccine controls for the 

group:;vaccinated with such larvae. 8 weeks post vaccination the mice 

were c hallenged with 100 cercariae except for one group of mice from 

those vaccinated with 200 cercariae. which was challenged with 300 cer­

cariae. Appropriate challenge controls were included at this time. 60 

days post challenge all of the mice were perfused and the livers and 

guts of the mice vaccinated with 500, 300 and 200 irradiated cercariae 

and of the challenge controls were removed and their tissue egg loads 

estimated following digestion. 

The mean worm and egg burdens are presented in Tables 17 and 

18 respectively. The vaccine control mi ce infected with 500, 300 and 

200 cercariae harboured mean worm burdens of 9,3 ! 4.6, 4.4 ! 1.8 and 

3.5 ! 2.1 respectively. None of the mice were parasite free. Eggs 

were seen in the liver of one of the mice infected with 500 cercariae 

but these proved non-viable in the hatching test. All of the vaccina­

tion treatments produced significant protection in terms of wonn burden 



TABLE 17. E~riment '26. 

Vo&·• 1«0veries from mice vaccinated with vary ins nl!l!l.bers of cercariae or somules irradiated with 

'2.3 kr 1 challen~d 8 weeks later with 100 or 300 cercariae and perfused 60 days eost challenge . 

liaber of Rua&r o f Nuaber of Mean worm recovery (S.D. ) Hean worm 
Percent Significance 

Group llice per irradiated challenge c:! Q l 
recovery from 

reduction (P . ) 
Vo1:f larvae cercariae challenge ( S . D. ) 

1 . Vacc. Co. 7 500 - 3.1(2.1) 5.1( 3.4) 9. 3( 4. 6) 

2 . Vacc . ♦ Chall. 14 500 100 14.2(5.1) 14 .0( 5.1) 28.2( 9.9) 18 . 9( 9 . 9 ) 55 <0 . 001 

3. Vacc. Co. 6 300 - 1.2(0.9) 3.2( 1. 7 ) 4. 4( 1.8) 

4 , Vacc . ♦ Chall, 16 300 100 11.6(4.2) 11.5( 4. 4) 23.1( 8.2) 18 . 7( 8. 2 ) 55 <0 . 001 

S. Vacc . Co. 6 200 - 1.5(0.9) 2.0( 1.4) 3.5( 2.1) 

6 . Yacc . ♦ c:ti.11. 13 200 100 13. 9( 4. 0) 14.6 ( 4.9) 28.5( 8.8) 25 . 0( 8 . 8 ) 40 <0. 001 

7. Yacc. ♦ Oiall . 8 200 300 25.0(5.5) 31.2(13.7) 56. 2( 16. 4) 56 . 2( 16 . 4) 41 <0 . 001 

8. Vacc. ♦ Chall. 8 210
1 

100 10.5(4.0) 11. 3( 3.4) 21.8( 6.2) 21.8 ( 6 . 2 ) 48 <0 . 001 

9. Yacc. ♦ Chall. 8 210
2 

100 10.0(3.7) 10.0( 5.1) 20.0( 8,6) 20 . 0( 8 . 6 ) 52 <0 . 001 

10. Ch. Co. 9 - 100 19.8(6.1) 22.0{ 5.8 ) 41.8(11.6) 41.8(11.6) 

ll. 01. Co. 6 - 300 43.2 ( 6.5) 51.3( 9 . 2 ) 94. 5( 15. 8) 94.5(15.8) 

Notes - 1 . skin-socules I . 

2 . socules I. M. ... 
t. · -



TABLE 18. Experiment 26. 

Mean tissue eRR recoveries 

Kean nud>er of eggs per an ima l (S . D. ) Percen t Significance 

Gro~ Liver Gut Total reduction (P . ) 

2 l 1S , 802( 6, 185) 16 , 518( 6 . 766) 31 , 320(11 . ~82) 61 <0 .001 

lj 18,077( 7, 917) 17 , 6S3( 6, 528) 3S , 730(13 , 261) 55 <0 .001 

6 23,386( 7, 681 ) 28 ,759( 8, 103) 52 ,145(14 ,266 ) 3S <0 .01 

10 33, 222(12,621) 47 , 000(16 , 320) 80 , 222(28 , 566) 

Note- 1. Refer to table 17. 



and no s i gni ficant differences were recorded between the mean challenge 

derived worm burdens from any of the vacci nated groups . The mean 

t issue egg loads of mice vaccinated wi th 500 and 300 cercariae were not 

significantly different but both were s i gnificantly lower than that of 

the mice vaccinated with 200 cercariae ( P <0.001 , P <0.01 respectively ). 

The reductions in tissue egg load , 61 , 66 and 35% respect i vely in the 

groups vaccinated with 500 , 300 and 200 cercariae correlate reasonably 

well with the corresponding r eductions i n t o t a l worm burden, i .e. 55 , 

55 and 40% respec t ively. Howe ver, the number o f wo rm ~airs i s the 

impo r tan t meas ure of egg p roduct i on . By s ubtrac tion of the mean 

numbe rs o f male a nd fema l e wo rms in the vaccin e control s f rom t he mean 

n umbers of ma l es a n d females respectively in the vac c inated a nd chal­

lenged animals, it is possible to estimate the mean number of challenge 

derived worm pairs. Thus the mean number of challenge derived worm 

pairs in the groups vaccinated with 500, 300 and 200 c ercariae were 

calc ulated as 7.9, 8. 3 and 12.4 which in fact represent the mean number 

of female worms (the less predominant sex). In relation t o the mea n 

number of worm pairs in the challenge controls, 19.8, these figures 

represent reductions of 60, 58 and 37\ respectively, which correlate 

very well with the reductions in egg load. This close correlation 

validates the practice of subtracting the mean worm burden in the 

vaccine controls from that in the vaccinated and challenged mice in 

order to calculate the percentage resistance to challenge. This 

apparent dose dependancy of resistance assessed by egg burden resulted 

from an imbalance in the male/female worm ratio in the vaccinated 

animals compared with the controls, i.e. it appeared that resistance 

was more effective against females than males. Such an imbalance is 



not characteristic of the results obtained in the other experiments 

reported here and thus this apparent dose dependancy based on egg 

burden is considered an artifact . 

6.5 . 2 Experiment 27 . 

Groups of CB A mice were vaccinated by int ramuscular i n ­

jection of 50 , 100 , 200 , 500 , 1000 o r 2000 somules irradi ated with 40 

kr . Eight weeks later these mi ce , t oge t he r with a group of challenge 

controls, were challenged with 200 cercariae . The mice were p e r fused 

6 weeks post c hallen ge . 

1 ~7 

The worm recoveries are presented in Table 19. The mean worm 

recoveries from all of the vaccinated groups were significantly lower 

than from the controls. The mean worrn recovery from the mice vaccinate d 

with 50 somules was significantly higher than the recoveries from all 

of the other vaccinated groups except for the groups vaccinated with 

200 somules. There were no other significant differences between any 

of the groups. 

6,5,3 The results of these two experiments fail to show any consist-

ant dose dependancy of resistance following vaccination with cercariae 

or somules irradiated with 2.3 or 40 kr. Although the degree of resist­

ance in the latter experiment was somewhat more consistant with 500-2000 

somules than with 50-200
1 

100 somules stimulated comparable :resistance 

to that induced by 2000 somules. A minimum threshold in the number of 

cercariae required to stimulate resistance was not detected although. 

with the exception of the group vaccinated with 200 somules. all of the 



TABLE 19. txperiment 27. 

Woilii ~coveries from cice vaccinated with 50-2000 somules irradiated with 

chtllent,!d vi th 200 cercariae 8 weeks later and perf11,;ed 6 weeks post challeni;, 

Nud>er of Nud>er of Hean wor111 recovery ( S . D.) Percent Significance 

Group mice per irradiated somules reduc:. tion ( p .) 

~ per muse " 9 l 

1. Yacc. ♦ Chall. 10 50 41. 2(10 .0 ) 30 . 8(7 . 5) 72 .0(15. 8) 24 <O .Ol 

2. Yacc. ♦ Cha.ll. 10 100 28 .0( 6.8 ) 25 . 7(6 . 3) 53 .7(12. 7) 45 <0 .001 

3. Yacc. ♦ Chall. 10 200 37 . 4(13. 7) 30. 6( 7. 9) 68 . 0(20. 9) 29 <0 .01 

4. Yacc. ♦ Chall. 10 500 30. 8(10 . 5) 22 . 8(6.1) 53 . 6(13.5) 46 <0 .001 

5. Yacc. ♦ Chall. 9 1000 29 . 7( 7. 3) 27 . 7(8 . 3) 57.3(13 . 3) 40 <0 .001 

6. Vacc. ♦ Chall. 10 2000 29 . 9( 9.8) 26.7(8 . 7) 56 .6(16 . 5) 40 <0 .001 

7. Ch. Co. 9 - 54.6( 8. 2) 40.4(9.4) 95 . 0( 8. 4) 



groups vaccinated with 100-2000 somules harboured significantly fewer 

worms than the groups vaccinated with 50 . 

6.6 Resistance induced by multiple compared with single 

vaccination. 

There is very little evidence that the resistance induced in 

primates or rodents by vaccinat ion with i rradiated parasites can be 

enhanced by giving multiple vaccina t ion . Neve r t heless , comparative 

studies on resistance induced by single and mult i ple vaccinations with 

cercari ae e xposed to a range of radiation doses have not been performed. 

Experiment 2 8 . 

Cercari ae we re e xposed t o 2 .1, 6. 0 o r 30 kr. ( The dose used 

to establish a ' s t e rile' worm population in thi s experiment was 2.1 k r 

as the M. S .D. f or S. mansoni (see Chapter 3) had not been established 

at the time .) Groups of T.O.(B.K.) mice we re infected with cercariae 

exposed to one of these doses according to the following regimen. At 

the first vaccination, the first group re ce ived 600 ce rcariae, the 

second 300 and the third 200. 4 and 8 weeks l a ter, the third group 

received a further 200 cercariae . 6 weeks a fte r the first vaccinat i on 

the second group rece ived a seco nd e xposure to 300 ce r cariae . Owing 

to a te c hni cal failure, the group which should have re ce ived 3 vacc i na ­

tions with 200 cercariae irradiated with 6 . 0 kr was rerroved from the 

experiment. From each of the three groups vaccinated with 2.1 kr cer­

cariae a subgroup was established 0 which was unchallenged, serving as 

a vaccine control group. The remainder of the mice were challenged 12 



weeks after the first vaccination with 100 cercariae as also we re a 

group of challenge controls . All of the mice were perfused 8 weeks 

post challenge . 

lvO 

The mean worm recoveries are presented in Table 20 . The 

vaccine control mice vaccinated on 1, 2 or 3 occasions with cercariae 

irradiated with 2.1 kr harboured comparable worm burdens (2 6.8 ! 7.1, 

27.8 ! 8.0, 25.0 ! 9 .7 respectively), indicating that the first and 

second vaccinations had not st imulated resistance against the irradi­

ated parasites from subsequent exposures. Although the livers of 

these vaccinated mice were not routinely examined for the presence of 

eggs, granulomas were observed on macroscopic examination of the liver 

surfaces of a number of the mice showing that 2.1 kr had not produced 

a sterile worm infection. There were no significant differences between 

the challenge derived worm recoveries from mice vaccinated on 1, 2 or 

3 occasions with 2.1 kr parasites al though only the groups vaccinated 

on l or 2 occasions harboured worm burdens significantly different 

from the controls. The groups vaccinated on l or 2 occasions with 6.0 

kr cercariae were significantly resist~nt and,although the resistance 

stimulated by one vaccination was very low, the mean worm burden was 

not significantly different from that in the group vaccinated on two 

occasions. All three groups vaccinated with cercariae irradiated with 

30 kr were significantly resistant to challenge and there were no sign­

ificant differences between the mean worm burdens following single and 

multiple vaccinations. The degrees of resistance stimulated by 30 kr 

cercariae were consistently higher than with either 2.1 or 6.0 kr. 



TABLE 20. experiment 28. 

Von re<:Offries from ~ice vaccinated with cercariae irradiated with 2. 1, 6. 0 or 30 kr on 1- 3 occas ions with 

totlltl of 600 cercariae
1 

challenged with 100 cer~iae 12 weeks after the first vaccination and perfused 8 weeks later . 

Cftl,I> 

1, Yacc. Co. 

2. v.cc.+ Ol&ll. 

3, Yacc. Co. 

It. Yacc. ♦ Ol&ll. 

S. V.cc. Co. 

6. V.cc.+ Olall. 

7. Yacc.+ Chall. 

8. Yacc.+ Olall. 

9, Yacc.+ Chall. 

10. Yacc.+ Chall. 

ll. Yacc.• Chall. 

iuii'ber o, Radiation 
aice per dose ( Jo. r) 

8 2.1 

13 2.1 

8 2.1 

12 2.1 

7 2.1 

14 2.1 

10 6.0 

16 6 .0 

17 30 .0 

13 1),0 

15 30. 0 

16 

Vaccination 
schedule 

l x 600 
(week. O) 

1 X 600 
(week 0) 

2 X 300 
(weeks O and 6) 

2 X 300 
(weeks O and 6) 

3 X 200 
(weeks 0 , II and 8) 

3 X 200 
(weeks 0, 11 and 8) 

1 X 600 
(week O) 

2 X 300 
(weeks O and 6 ) 

l x 600 
(week 0) 

X 300 
(weeks 0 and 6) 

3 X 200 
{weeks 0,4 and 8 ) 

:ean worm recovery rs:"i>.1 

d 9 I 

7.8(2 . 3) 19.0(5.9) 26 .8( 7. 1) 

28 . 2(7.7 ) 24 . 7(8 . 11) 52 . 9(111 . 7) 

10 . 3(2. 5) 17 . 5(5 . 8) ?7 .A( A.O) 

28 . 9(8.9) 24 . 7(7 . 8) 53 .6(14 . 3) 

10.11( 2. 8) 14.6(7.5) 25 . 0( 9. 7) 

28.9(9 . 5) 27 .0( 7.8) 55 . 9(15 .6) 

22 . 7(5.7) 8. 3( 3. 7) 31.0( 8. 1) 

19.5( 8.1) 

16 .1(6.6) 

13.9(7 .8) 

17 . 7( 7.0) 

4. 6(3 . 3) 24 . l( 9. 8) 

4. 3(2. 7) 20 .4( 8. 1) 

4.6(3 . 5) 18.4(10 .2) 

. 5(1. 9) 22 . 2( 8. 2) 

28 .1( 7.5) 10. 4(5 . 2) 38 . 5( 9.0) 

n worm 
recovery from Percent Significanc 

challen~e(S . D.) reduction 

26 . 1(14 . 7) 

25 . 8(111 . 3) 

30. 9(15 .6) 

31.0( 8.1) 

21l . l( 9. 8) 

20.ll( 8.ll 

18 .4(10. 2) 

2. 2( 8. 2) 

38 . 5( 9. 0) 

32 

33 

20 

19 

37 

47 

52 

42 

<(' . 01 

0 . 01 

>0 . 1 

<o .05 

<0.001 

<0 .001 

<0 .001 

<0 .001 

... 
~ 



1 

These results show that mice vaccinated over an 8 week period, 

on 1 , 2 or 3 occas i ons wi th the same total number of irradiated cer­

cariae ( 600 ), exhibit comparable degrees of resistance , This applies 

to vaccinat i on wi th cercar iae exposed to 2.1 , 6.0 or 30 kr. 

6.7 Effect of route of admi nistration of i rradiated somules. 

Experiment 29 . 

Groups of CBA mice were vacc i nated with 500 somules i r radi­

ated wi th 40 k r admi n i stered by i n j ect i on ind rade rma l ly, i ntramuscularly, 

subcutaneously o r intravenously. Eight weeks later these mice , togethe r 

with a group o f c hal l e nge con trols , were chal l enged with 200 cercar iae. 

The mice were perfus ed 6 weeks post c h a llenge. 

The worm recoveries are presente d in Table 21. The mean worm 

re coveries from the groups vac cinated by intradermal, intramuscular or 

intravenous injec tion were significantly lower than fro m the con trol s . 

The mean rec overy from the subcutaneously injec te d group was not sign i­

ficantly different from that in the controls and was signifi can t l y higher 

than the recoveries from the three other vac c inated groups which were 

themselves not significantly different. 

Thus, administration of the irradiated parasites by intra­

dermal or intravenous injection does not enhance the resistance that 

can be stimulated by intramuscular injection, while subcutaneously in­

jected parasites appear unable to stimulate significant resistance. 



TABLE 21. Experiaent 29 . 

Worm recoveries from mice vaccinated with 500 somules irradiated with 40 kr , administered b 

a -..ri• of routes. ~.i~P wpre challen d 8 weeks later with 200 cercariae and erfused 6 weeks ost challen e. 

Nuii&r of Route of Kean worm recovery (S. D.) Pel"Cent Significance 

Group aice per vaccination reduction (P .) 
c-J 9 I 

l. 10 I.D. 36.6(18. 0 ) 23 .9(12. 9) 60 . 5( 30 .1) 35 <0 .02 

2; 9 I.M. 38.8( 7.6) 30 . 8( 10. 9) 69 . 6(16 . 8) 25 <0 .01 

3. 12 s.c. 51. 3( 8. 5) 42. 0( 9. 4) 93 . 3(13. 5) -1 >o .9 

... 8 I.V. 38. 6( 5.1) 33 . 6( 6. 6) 72 . 2(11.l ) 22 <0 .01 

5. Chall . Co. 10 - 51. 8( 8. 7) 41.0( 5. 4) 92 . 8(10 . 7) 



6.8 Effect of admi n i stration of irradiated parasites together 

with adjuvants . 
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The results presented so far in this chapter show that al­

though resistance can be consistently stimulated by injection of highly 

irradiated ( 40 kr) paras i tes , which remain at the site of their injec­

tion ( see Chapter 5 ), t he level of such resistance is generally low . A 

demonstration that such low levels of r es i stance could be enhanced by 

admin is t ration of the vaccine together with an adj uvant tha t boosted 

the le vel of resis t ance , would obviously be an advance towards estab­

lis hing the feasib ility o f de veloping a l ive vaccine aga i nst schistoso­

miasis. The f ollowing experiment was e s tablished to i n ve s t igate the 

us e of Bordatella pertussis, Corynebacterium parvum and B.C.G. as 

a djuvants in this system. Unfortunately, when the s omules were e xami ned 

after the injec tions had been p e rformed it was found that tho se combi ned 

with B. oertussis and C. parvum were dead, poss ibly killed by the th io­

rnersil used as a preservative in these two preparations. The resul t s 

obtained are interesting, nevertheless, and are presented below. 

Experiment 30. 

Groups of CB A mice were injec ted with 500 s omules irra di­

ated with 40 kr. The somules were injected in 0.l ml of Earle' s medium 

9 
alone or in saline containing l x 10 organisms of B. pertussis(~ 

7 
pertussis vaccine - Lister Institute), l x 10 organisms of B,C,G. 

(B.C,G. vaccine B.P., percutaneous - Glaxo Laboratories Ltd.) or 0.7 

mg dry wt, c. parvum (Coparvax - Wellcome). The mice were challenged 

8 weeks later with 200 cercariae, together with a group of challenge 

controls, The mice were perfused 6 weeks post challenge, 



TABLE 22. Experiment 30. 

Ilona recoveries from !!!ice 

vitb adiuvant. Mice Mere challenired 8 weeks later with 200 cer cariae and 

Gl'o~ 
111.aber of mice Adjuvant 

Mean worm recovery ( S. D. ) Percent Significance 

per group " 9 l reduction 

l 10 - 13. 3( 5 . 2) 12. 5( 4. 6) 25 . 8( 9 . 1) 41 <0 .001 

2 9 B.pertuSSiS 25. 0( 3. 2 ) 20 . 6( 3. 7) 45 . 6( 4 . 1 ) -4 >0 , 4 

3 10 B. C. G. 16 . 9( 6 . 0 ) 16 . 2( 6 . 1 ) 33 . 1( 10 . 6 ) 25 <0 . 002 

4 10 c.~rvum 22 . 3( 6 . 7 ) 20 . 2( 5. 6 ) 42 . 5(10 . 3) 3 >0 . 7 

5. Chall. Co . 10 22 . 9( 5.3 ) 21. 0( 5. 7) 43 . 9( 7 . 2 ) 
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The results are shown in Table 22 . The mean wonn recoveries 

from the groups of mice vaccinated with irradiated somules alone and 

irradiated somules plus ~ . C.G . were significantly lower than from the 

challenge controls . Mean worm recoveries from the groups given so mules 

plus B. pertuss isor C. parvum were not significantly different from the 

controls and both were significantly higher than the recoveries fI'Om 

the mice vaccinated with irradiated parasites alone (P <0,001 and P 

<0 , 01 respectively) . Mean recoveries fI'Om the B.C.G, groups were sign­

ificantly lower than fI'Om the B . pertussis group ( P <O.0l) but not sign­

ificantly different from the C . parvum group. 

Thus B.C.G. given together with irradiated somules by intra­

muscular injection did not enhance resistance. Injection of the 

irradiated somules together with B. pertussis or C. parvum failed to 

stimulate resistance. Whilst it is possible that thi s was due to a 

suppressive effect on the development of an immune response it seems 

11Pre likely, in view of the general failure to stimulate r esistance 

with dead schistosome material, that it wa s due to the fact that the 

somules were dead on injection. 

sits in 
6.9 Eff cts of vaccin tion with hilUllY irr di 

ten of worm burd n • gg burden nd mort 

ch ll nge infection. 

The following e><periment was designed to test whether the 

resistance conferred by vaccination with highly irradiated somules, 

albeit low in terms of worm burden, would result in a significant pro­

tection against the lethal effects of a challenge. 



Experiment 31. 

21 CB A mice were vaccinated by intramuscular injection of 

500 somules irradiated with 40 kr. 8 weeks later these mice , together 

with 19 challenge control mice , were challenged with 200 cercariae. 

Half of the mice, 11 vaccinated and 9 controls , were perfused 7 weeks 

post challenge (one challenge control mouse died prior to perfusion). 

Livers and guts were removed from these animals and tissue egg counts 

performed . The rates of death of the mice in the other half of the 

experiment were recorded. 

The worm and egg recoveries are presented in Table 23. Both 

the worm burden and the tissue egg counts were significantly lower in 

the vacc inated animals than the controls . The percent reduction of 

worm and egg burdens were very similar (37% and 39% r espectively) and 

correspondingly the mean number of eggs /worm pair in the vaccina t ed and 

control animals were very similar. The survival time course , pre sented 

in figure 6 shows that death of the vaccinated mice was somewhat 

delayed. The mean survival times post challenge of the vaccinated ano 

control mice, 60 ! 7,8 and 53.2 ! 4.9 days respectively, were s ignifi-

cantly different (P <0.05). 

v 7 

Thus mice vaccinated with highly irradiated somules can show 

significant protection against challenge insofar as they harbour signi­

ficantly fewer eggs and worms and also live significantly longer. 



TABLE 23 . Dcpericient 31. 

V O R M ---
Group 

1. Yacc. t Chall . 

2. Chall . Co. 

t G G 

Group 

l. Yacc. t Chall.. 

2. Chall. Co . 

eg recoveries froCJ Cli ce vaccina ted with 500 somules irrudia ted with 40 kr , 

challenic,d with 200 cercariae 8 weeks later d 7 weeks po_st challen 

Hean n 
Liver 
--

13, 358( 3, 998 

20 , 978(6,303) 

ll 

9 

an worn recovery (S. D.) 
<:! 9 I 

32 . 5(9 . 5 ) 

50.2(9 . 11) 

3. 6(8.2) 

39 . 0(7.1) 

56 .0(16 . 5) 

89 . 2(13.1 ) 

Percen 
reduction 

37 

r of eggs/organ (S . D. ) Hean number of eggs/wonn pair (S . D.) 
Gut Liver t Gut Liver Gut Liver t Gut 

5 , 406(20 , 282) 58 , 764( 23 , 539) 583( 70 ) 1 , 917( 1124 ) 2, 500(403 ) 

75 , 1196(19 , 0117 ) 96 , 474 ( 24 , 189) 548(98} 1 , 987( 226 } 2 , 534 (258 ) 

Signi ficanc 
(P . ) 

<0 . 001 

Percent 
reduction 

t o tal ep_r,s 

39 

Signifi -
cance 

<0 . 01 

C 



FIGURE 6 Experiment 31 
Mortality time course. post challenge, of vaccinated 
( 500xl.Okr. somules) and control mice. 

vaccinated mice 

- - - - control mice 

100----

80 

.. 

... 60 
e 
at 
C: 

·;: 

• -• 
20 

45 

I 
"" - I 

I -, 
I 
""1 

I 
~ -, 

I 
I 
I 
"" --I 

I -, 
I .. _ -- -, 

50 55 60 65 
days post challenge -

70 75 



170 

6.10 Discussion . 

Perlowagora-S zumlewicz a n d Ol i vier ( 1963 ) and Perlowagora­

Szumlewi cz ( 1964a ) conluded t hat the i r results showed that the " resist­

ance " i nduced by vaccination of mice with i r radiated cercariae merely 

represents a delay i n mi gr a t ion of the challenge - de r ived paras i tes . 

This conclusion was based on the obser vati ons that t he "resistance" 

assessed by perfusion 27 or 33 day s post chall enge was greater than 

that apparent when pe r fus i on was delay ed unti l 60 or 80 days post 

challenge . Doenhoff e t a l. ( see Appendix 1 ) have present ed e vi dence 

of a delay in the migra tion of a challenge infect ion in p revious ly i n ­

fected mice i nsofar as t he "res i s tance" a s assessed by pe r fus i on 21 

days post challen ge i s s omewhat greater than the resistance ass e ssed by 

pe rfus ion a t 5 or 8 weeks post challenge. Similarly. in the present 

studies, al though direct c omparisons were not made, the levels of "re­

s istance " a s assessed by perfusion 21 days post challenge were s o mewhat 

higher than the l e vels assessed at 6 or 8 week perfusion o f experiment s 

o f c omparable design. However, whilst the levels of " resistance " 

arrived at by 21 day perfusions may include some element of de lay it 

is considered that any conclusions derived from comparisons of experi­

mental groups within one experiment are valid. The challenge that the 

"resistance" assessed by perfusion at 6 or 8 weeks merely reflects a 

delay could not be directly tested using the same format a s was employe d 

in the majority of these studies as mice ·hallenged with 200 cercariae 

would not survive longer. However, in both experiments 25 and 30 in 

which resistance was assessed by perfusion 7 - 8¼ weeks post challenge, 

there was a very good correlation between the resistance assessed by 

both worm burden and tissue egg burden. Thus the mean number of eggs 
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per worm pair in the vaccinated and partially resistant animals was not 

significantly different from that in the controls . If , in the vaccin­

ated animals , challenge derived organisms were delayed such that they 

arrived in the mesenteric veins and commenced egg laying later than in 

the controls . then the mean number of tissue eggs per wonn pair would 

have been lower in the vaccinates than in the controls. As this was 

not the case , it is considered that data based on perfusions performed 

6 weeks or later after challenge ( eggs start to be produced 5- 6 weeks 

post infection) give an accurate measure of resis t ance to challenge . 

The results presented in section 6 . 3 show that , although 

significant res i stance can be stimul ated by cercariae or somules 

exposed to 2 .3 - 160 kr, the de gree of resistance is influenced by the 

time of challenge post vaccination. When resistance was assessed by 

challenge of mice 3 weeks after infection, maximum resistance was 

stimulated by 20 kr parasites, higher and lower radiation doses result­

ing in lower levels of resistance. Large numbers of unirradiated cer­

cariae of one sex or small numbers of cercariae of both sexes failed to 

stimulate any resistance at this time. The resistance induced by 20 kr 

parasites appeared to decline somewhat between 3 and 16 weeks though 

remained highly significant. The low level of resistance induced by 

40 kr somules remained constant between 2-16 weeks. The level of re­

sistance induced by 10 kr parasites was lower than that induced by 20 

kr parasites at 3, 8 and 17 weeks and also showed some decline with 

time. In contrast, the resistance of mice vaccinated with 2.3 kr para­

sites increased with time such that by 8 weeks post vaccination such 

mice were comparably resistant to mice vaccinated with 20 kr parasites 

and by 17 weeks somewhat more resistant. While the resistance of mice 



infected with small numbers of unirradiated worms of both se xes in­

creased dramatically between 3 and 8 weeks, mice infected with large 

numbers of unirradiated male cercariae failed to show any resistance 

to challenge either 3 or 8 weeks post infection . 
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As a consequence of this variation of resistance with time, 

the results of the experiments in section 6 .2, in which challenge was 

performed 8-12 weeks post vaccina tion, did not reveal any major consist­

ant differences in the efficacy of cercariae or somules exposed to 

doses in the range 2.3-160 kr in inducing resistance. However , P~dke 

and Sadun ( 1963) reported that vaccination of mice with cercariae 

exposed to the ill-defined dose of 12.5-40 kr failed to stimulate sign­

ificant resistance to challenge 8 weeks later while significant resist­

ance was confe rred by cercariae exposed to 2 .5-10 k r. Villella et al. 

(1961) also reported that vacc ination by intraperitoneal injection of 

cercariae exposed to 2.5 kr, a proportion of whic h survived to become 

stunted adults , stimulated markedly greater resistance than cercariae 

exposed to 5 or 7.5 kr . Erickson and caldwell (1965) and Perlowagora­

Szumlewicz and Olivier (1963 ), however, reported the opposite trend 

viz. doses of 3 or 4 kr failed to stimulate resistance to challenge 6-7 

weeks post challenge, whereas doses of 6-10 kr generally stimulated 

significant resistance. It is difficult to conrnent on the results of 

these authors, based as they are on only one or two experiments , but 

any apparent discrepancies with the results presented here may reflect 

differences in the mouse or schistosome strains with regard to the 

relationship between radiation dose/immunizing interval in the develop-

ment/persistence of resistance . 
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With regard to the time of development of resistance follow­

ing infection with cercariae exposed to differing doses of radiation 

the studies performed by S ,Y, Li HsU and H.F. Hsli and their co-workers 

on S . japonicum in the rhesus monkey provide interesting parallels to 

the present observations. Their early studies ( HsU et al.• 1962 and 

1963b ) concentrated on repeated vaccination with cercariae exposed to 

low doses of radiation in the range 1 .7-4. 0 kr and challenges were 

given 130-468 days after the first vaccination and from 18-343 days 

after the last. They concluded that radiation doses in the range 1.7-

3 .0 kr were slightly more effective than those in the range 3.5-4. 0 kr 

and that resistance was greater in monkeys challenged 18 days or 140-

343 days after the last vaccination than at the intervening times, An 

essentially similar relationship between the degree of resistance and 

the interval between the last vaccinating exposure and challenge was 

observed in experiments involving the Formosan strain of S . japonicum 

whi ch fails to reach the adult stage in the rhesus monkey ( HsU and Hsli , 

1965 ), Consequently, they developed the theory that there was an 

' early non-specific inhibiting reaction' maximal at 8-15 days after 

the last vacc inating exposure and a 'late specific reaction' developing 

at around 90 days. Following up this theory (Hs u et al •• 1965b) they 

derronstrated virtually complete protection in monkeys c hallenged 182-

653 days after the last vaccination and concluded : "Although other 

factor(s) may also contribute to the success of inrnunization it is 

evident that a period of 6 months between the last immunizing innocula­

tion and the chal lenge is a primary requirement for the rhesus rronkey 

in reaching a very high resistance to challenge". An explanation for 

the requirement of a long immunizing interval was offer@d by Smithers 

(1976) who commented, with reference to the resistance induced by 



irradiated cercariae " in order to obtain the highes t degree of 

immunity a long immunizing period is necessary which suggests that the 

immunizing effect is predominantly due to the few stunted worms whic h 

survive the lethal effects of radiation". However , in the paper by 
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HsU et al ., (1965b) , comparable resistance with that achieved by 

exposure to ce rcariae irradiated with 2 kr was afforded one monkey 

vaccinated with cercariae exposed to 12 kr which do not survive to 

become stunted adults (Hsu et al ., 1963a ). Furthermore , it was subse­

quently demonstrated (HsU et a l., 1969 and 1975 ) that very high partial 

resistance could be induced by exposure to even more highly irradiated 

cercariae ( 24 or 48 kr ) and that wi th such vaccination long immunizing 

intervals were no longer required e.g. virtually complete resistance 

was achieved by Hsu et a l. ( 1975 ) in 2 monkeys vaccinated on 4 occasions 

with either 16,000 or 45 , 300 cercariae irradiated wi th 36-48 kr. These 

two monkeys were challenged 25-27 days after the last immunization and 

136-138 day s after the first. 

Hsu et al (1969) also demonstrated that the rhesus monkey 

could develop strong resistance to S . mansoni following vaccina tion with 

cercariae irradiated with 24 or 48 kr but in this e xperiment the monkeys 

werE, c hallenged 145 and 194 days after the last va ccination . Sadun et 

~- (1964) reported strong partial resistance to S . mansoni in rhesus 

monkeys challenged 9 weeks after the first of five weekly exposures to 

5,000 cercariae irradiated with 2.5 kr whereas monkeys vacc inated in a 

similar fashion but with cercariae irradiated with 4 or 10 kr exhibited 

markedly lower resistance. Smithers (1962 ) similarly reported partial 

resistance in monkeys challenged thirteen week s after the first of two 

exposures totalling 13,000 cercariae irradiated with 2.0 or 3.0 kr. 
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There is little to be gained from comparing these isolated experiments 

on S. mansoni with the more e xtensive studies on S . japonicum owing to 

the marked variation in experimental designs . Nevertheless , the results 

obtained in the rhesus monkey with both S . mansoni and S . japonicum 

are in accord with those obtained in the present investigations insofar 

as resistance has been demonstrated following vaccination with cercariae 

exposed to both low (2.0- 2 . 5 kr ) and high ( 24 - 48 kr) doses of radiation . 

Furthermore, al though direct comparisons have not been performed , 

marked resistance to S . japonicum in the rhesus monkey can be demonstra­

ted relatively early post vaccination with highly irradiated cercariae 

but appears to take longer to develop to a maximal level with cercariae 

exposed to the lower doses close to the minimum sterilizing dose. 

The early onset of resistance in mice following vaccination 

with highly irradiated parasites together with the finding that such 

early resistance was greater in mice vaccinated with parasites irradia­

ted with 20 kr than with those exposed to the lower dose of 2.3 kr and 

negligable in mice infected with large numbers of unirradiated parasites 

of one sex indicates that the radiation treatment is in some wa y neces­

sary for the expression of such resistance. Although somewhat fewer 

unirradiated cercariae (300) were used than the 20 kr-irradiated cer­

cariae (500)
1 

the results of the dose dependancy studies (section 6 . 5 ) 

indicate that such a difference is unlikely to have accounted for the 

differences in resistance produced. It is also considered unlikely 

that the success in vaccination with 20 kr cercariae and failure with 

unirradiated cercariae was influenced by the fact that the irradiated 

infection comprised cercariae of both sexes while the unirradiated 



infection comprised only male cercariae . This is because of the early 

appearance of resistance prior to the expression of major sexual dif­

ferences by the vaccinating worms and also because the results present­

ed in Chapter 5 indicate that cercariae exposed to 20 kr do not survive 

to e xpress sexual differences. However , the influence of subtle dif­

ferences between the sexes can obviously not be excluded. In this con­

text , mention should be made of the experiments performed by Perlowagora­

Szumlewicz ( 1964c and 1966 ) in which 300 or 500 male cercariae irradia­

ted with 2 kr fa iled to induce resistance in mice while comparable vac ­

cination with female cercariae did stimulate res istance. Surprisingly, 

however , female cercariae irradiated with 1.7 kr , unirradiated female 

cercariae and 1500 cercariae of mixed sex irradiated with 2 kr failed 

to stimulate resistance. In general, these results are confusing and 

inconsistent with those obtained herein. It is perhaps relevant that 

the strain of Swiss albino mouse used throughout the studies of 

Perlowagora-Szumlewicz failed to develop a slgnificant level of resist ­

ance to reinfection (Perlowagora-Szumlewicz, 1964a). 

The apparently critical role played by radiation treatment in 

the induction of resistance by irradiated cercariae or somules demands 

some explanation. It is possible that the irradiation in some way 

alters the intrinsic antigenicity of the larvae such that the antigens 

involved in protection become per se more immunogenic. Such a hypothesis 

could be investigated by trying to vaccinate with extracts of irradiated 

parasites. In this context it is interesting to note the results of 

experiment 14 in which the 40 kr somules killed as a consequence of 

combination with C. parvum or B. pertuscls , possibly by the thiomersil 

preservative in these preparations, failed to stimulate significant 



resistance while the living parasites administered with B.C . G. o r 

medium alone did stimulate significant resistance . Whilst it must be 

accepted that the putative altered antigens on the surface of the 

parasites could have been rendered ineffective by the thiomersil or 

that the adjuvants themselves may hav lnterI ,p -
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f r likely that this result indi -

~ates that th i rradiated paras ites must be al i ve i n order to st mulate 

res i stance and do not merely ~assess rad i at i on - altered antigens. 

The failure to demonstrate resistance in mice infected with 

large numbers of unirradiated parasites of one sex indicates , however, 

that the irradiated parasi t es must die in order to stimulate resistance. 

Thus the optimal resistance mani f est 3 weeks after vacc ination with 20 

kr somules may reflect a balance between a requirement for the para­

s ites to survive for a period of time and the requirement for them to 

die. The ques tion thus arises as to how death of the parasites could 

be invol ved in the induction of resistance. The studies presented in 

Chapter 5 show that a small percentage of the 20 kr parasites escape 

from the site of infec tion in the skin or muscle and reach th~ lungs. 

Thus, it could be postulated that the "resistance" produced by infect ion 

with such irradiated parasites is a non-specific phenomenon arising 

because the irradiated parasites die in the lungs produc ing inflammation 

which interferes with the migration of challenge-derived schistosomula . 

Smith~- (1975) have reported that inflammation in the lungs of 

hamsters produced by intra cardiac injection of fonnalin killed E. coli 

can result in a reduced recovery of parasites if administered whilst 

the migrating schistosomula are in the lungs. However, the results of 



Chapter 5 show that only a small proportion of the schistosomula derived 

from an infection with 20 kr cercariae or somules can reach the lungs . 

Similarly , HsU ~ - ( 1963) reported that infection of mice with.::..:._ 

japonicum cercariae irradiated with 24 kr produced negligable pathology 

in the lungs . furthennore, when 40 kr sornules were injected into the 

tail vein of mice and could thus have been expected to cause marked 

pathology in the lungs , the resistance stimulated was not significantly 

different from that produced following intramuscular inject ion. 

Finally , the persistance of resistance (demonstrable 17 weeks post 

vaccination ) and the lack of dose dependance indicates that the resist­

ance is not due to an obstruction of challenge derived parasites caused 

b y trans i ent inflammation associated with pathology produced by death 

of the irradiated parasites in the lungs . The demonstration of high 

partial resistance in rhesus monkeys challenged 145 o r 194 days after 

the last vaccination with 24 kr S. mansoni cercariae supports this con­

clus ion ( HsU ~ -, 1969 ). 

The granuloroatous reaction around dying irradiated parasites 

may , however , be important in facil itating host reco gnition of larval 

antigens . HsU ~ - (196 3 ) described the inflammatory reactions in 

the skin of mice around S . japonicum larvae irradiated with 24 kr. The 

numerous densly cellular nodules were composed of neutrophils, eosino­

phils , mononuclears , giant cells , pigment granules , degenerate schisto­

somu.la and cellular thrombi, An essentially similar cellular infiltra­

tion encloses irradiated somules dying in the lungs whether they be 

exposed to 2.3, 4 or 10 kr (see Chapter 5 ). Thus the radiation-damaged 

schistosomulum becomes enclosed in a gran~Jomatous response rich in cells 



which could be involved in antigen recognition , in which site it will 

die and disintegrate presumably releasing both metabolic and somatic 

products . 
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The generation of an immune response in this way would 

explain the resistance demonstrable early after vaccination . If such 

an immune response is generated by death ( or a period of life surround­

ed by immunocompetant cells ) of the irradiated parasites , the increase 

of resistance with time in mice vaccinated with cercariae or somules 

e xposed to 2 . 3 kr could be a reflection of their longer mean survival 

time ( see Chapter 5 ). An alternative explanation for the increase in 

the level of resistance following vaccination with 2 . 3 kr parasites is 

that the sterile worms which survive the radiation treatment s timulate 

a concomit.-i n t type of immunity (Smithers and Terry , 196b) as is des­

c ribed in the studies of resistance to reinfection in Chapter 3. 

However, the failure to demonstrate resistance in mice infected with 

worms of one sex is inconsistent with this theory . 

The studies described in this chapter have shown that mice 

can be partially protected against S . mansoni in terms of a reduced 

worm burden, egg load and consequently in terms of s urvival , by what 

appears to be a relatively non-pathogeni c live vaccine. Increasing the 

number of larvae in the vacc ination, giving multiple vaccinations or 

administering the larvae by different routes all failed to produce an 

enhancement of resistance. Thus, at the present time, none of the 

parameters studied would seem to warrant further investigation in a 

primate such as the baboon which is regarded as being similar to man 

immunologically and in its response to schistosome infections. Although 
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the rhesus monkey can be rendered almost solidly resistant to both S . 

mansoni and S . japonicum by vaccinating with irradiated cercariae , the 

failures to demonstrate resistance in the baboon (Taylor et al ., 1976) 

and in the ch impanzee ( Hsu , 1970 ) indicate that the possibility of 

developing a live vacc ine is still remote . It is cons idere d that the 

most hopeful approach is to look for acceptable adjuvants that could 

be used in conjunction with a live vaccine and the vaccination protocols 

descri bed for the mouse in this chapter may prove useful in this context. 

Although it has not been conclusively demonstrated that a 

number of the vaccinating parasites e xposed to such high doses of radia ­

tion as 20 or 40 kr do not su rvive somewhere in the body , the r esults 

presented in Chapter 5 and by Hsu ~- ( 1963a ) indicate that thi s is 

not the case . Thus the demonstration of resistance following vaccina­

tion with highly irradiated parasites i ndicates that resistance to S . 

mansoni in the mouse can persist in the absence of the living parasites . 

If it can be demonstrated that such resistance is immunologi cally medi ­

ated it follows that the relevant antigens are present on , or in, the 

relatively simple larval stages and renewed investigation of such anti ­

gens may be warranted. The apparent requirement for the presentation 

of s uch antigens in a living form may prove c ruc ial in this context 

possibly indicating the involvement of excretory or secretory products 

or indicating that the manner in which antigens are presented to the 

host is a key factor. 
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CHAPTER 7 . H 11'✓- l "RE. 

TO MDIATIO!I AT'.,:;iL:ATED " . ?·:t,TTII. Il. [] 

7 . 1 Introduction 

The e xperiments described here were undertaken in the hope 

that studies in the mouse would complement those aimed at the develop­

ment of a live attenuated vaccine against S . mattheei and S . bovis in 

sheep and cattle (Tay lor et al ., 1976b ). At the time of their incep­

tion Taylor ( 1975 ) had demonst r ated that vaccination of sheep with 4 

monthly doses of 10 , 000 S . matthee i cercari ae irradi ated wi th 6 . 0 kr 

resulted i n marked protection in t erms of worm and tissue-egg burdens 

a ga i nst a challenge of 5 , 000 cer cariae given 4 weeks after the last 

immunization . The s ubsequent s tudies on sheep (Taylor ~-, 1976b ; 

Bickle e t a l. • Appendix 4 ) were carried on in paral lel with t hose 

reported be low. Also include d in this chapter i s an experiment designed 

to compare the degre e s of protec tion a ga inst S . mattheei a nd S . mansoni 

afforded by homologo us and heterologous vacc ination with irradiated 

cercariae. 

7.2 In view of the reports in the literature indicating that ce r-

cariae exposed to low doses of radiation s timulate maximum r es i s tance 

in the mouse against S. mansoni, studies were undertaken to find the 

minimum dose of radiation that would result in a sterile S . matthee i 

infection (see Chapter 5). The first experiment, performed b e f ore this 

minimum sterilizing dose had been established as 2 ,7 kr, involved a 

co~rison of the resistance induced by vaccination with cerc ariae 

irradiated with 3.0, 6.0 and 10.0 kr. Taylor (1973) had shown that 6.0 

kr prevented the establishment of adult S. mattheei in the mouse while 

3,0 kr allowed a small proportion of stunted parasites to survive. 



TAB U: 

Vona recoveries from mice 

chal 

Group N 

1. Vacc . Co . 5 

Vacc . ♦ Olall. 20 

3. Vacc . Co . 5 

Ii . Vacc . ♦ Chall. 20 

5. Vacc . ♦ Chall. 16 

Oiall. Co . 20 

ted with 150 cereari ,d with J . 0 1 6 . 0 or 10 kr , 

3 . 0 1.8( 0 . 8 ) 

J . 0 10 . 5( 6 .0 ) 

6 . 0 0 

6 . 0 9 . 5(1l. J ) 

10 .0 9 . 8 ( 6 .6 ) 

13. 0(3 . 5 ) 

covery ( S . D. ) 

I 

3. 2( 0 . 8 ) 5 . 0 ( 1. 2) 

17 . 2( 10. 0 ) 27 . 7(14 . 2 ) 

0 0 

15 .0 ( 6 . ii ) 211 . 5(10 . ll) 

12 . 8( 8 . 8 ) 22 . 5(111 . 7 ) 

18 . 9(17 . 2 ) 31.8( !l . l ) 

len,&_1? , 

22 . 7 29 <0 . 05 

24 . 5 3 <o .os 

n . 5 <0 . 05 

31. 
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Experiment 32 

Groups of T.0 . (A . S . L.) mice were vaccinated with 150 cer­

cariae irradiated with 3.0 , 6 . 0 or 1 0 .0 kr , challenged with 100 cer­

cariae 8 weeks later and perfused 8 weeks post c hall~nge. Appropriate 

challenge control mice were included and a group of mice vaccinated 

with 3 . 0 kr cercariae was unchallenged serving as a vaccine control 

group. 

The worm recoveries are presented in Table 2~ . All of the 

vacc ine control mice were infected, the mean worm burden being 5.0 

worms. No eggs were seen in the liver squash preparations of any of 

these mice. All three vaccination procedures resul ted in significant 

but low grade resistance. There were no significant differences between 

the mean worm burdens in any of these vac cinated groups. 

Thus, as was observed in the studies with S . mansoni, persist­

ance of stunted worms surviving the radiat ion treatment did not enhance 

the resistance apparent 8 weeks after vaccination . 

7.3 Effec t of size of vaccinating infection. 

Experiment 33. 

Croups of T.0. (A.S,L,) mice were va ccina t ed with 600 • 300 or 

100 cercariae irradiated with 3.0 or 6.0 kr, 8 weeks l a ter the mice 

were challenged with 100 cercariae as also were the mi ce in a challenge 

control group. Groups of mice vacc inated with 600, 300 or 100 ce rcariae 

irradiated with 3 kr were unchallenged serving as vaccin~ ~ontl"'Ol, 

The worm recoveries are presented in Table 2S, Mean worm recoveries 



from the controls vaccinated with 600 , 300 and 100 cercariae were 16.3, 

8 , 7 and 3 . 1 respecti vely. All of these mice harboured worms apart 

u j 

from 2 of the 7 in the group given 100 cercari ae . No eggs were detected 

in any of the liver squash preparations. Significantly fewer challenge 

derived worms were recovered from the groups vaccinated with 600 or 300 

cercariae irradiated with 3. 0 or 6 . 0 kr than from the challenge controls , 

There were no significant differences between the recoveries from these 

four groups o f vaccina t ed mice . The recoveries from mice vaccinated 

with 100 cercariae were not s ignificantly different from the controls . 

Of the groups vaccinated with 6 , 0 kr cercariae the mean worm recoveries 

from those vaccinated with 600 or 300 cercariae were significantly 

lower than that from the mice given 100 ce r cariae (P <0 . 05 and <0 , 02 

respectively ). Wann recoveries from the 3 groups vaccinated with 3 kr 

cercariae were not s ignificantly different. 

These results indicate a degree of dose dependence in the 

induction of resistance to challenge given 8 weeks post vaccination in 

so far as 100 cer cariae resulted in a lower degree of resistance h n 

either 300 or 600 cercariae which resulted in comparable levels of 

resistance. 

7,4 Vaccin~tinn with intramuscw.arl in ected somules. 

Experiment 34 

Groups of T.O. (B.K.) mice were injected intramus cularly with 

600 somules irradiated with 2,7 or 6,0 kr or with 50 unirradiated 

somules. The mice were challenged with 100 cercariae 10 we eks later 



Radiatio 
Dose 

3.0 

6 .0 

TABLE 25. txperu:ient 33 

Won:. n,cove ries !'.um !!'ice vaccinated with 100 , 300 or 600 ce 

challen~d 8 weeks later with 100 cercari 

Gro 

1. Vacc . Co . 

Vacc . t Chall . 

J . Vacc . Co . 

i.. Vacc .t Chall . 

5 . Yacc . Co . 

6 . Vacc.t Chall . 

7. Yacc. t Chall 

8 . Yacc .t Chall . 

Vacc.t Chall . 

10. Chall . Co . 

Nurber o 
per 

8 

12 

7 

11 

7 

12 

12 

11 

10 

ll 

ice 
Nunber of 

cercariae in 
illll!lunization 

600 

600 

JOO 

JOO 

100 

100 

600 

JOO 

100 

-

<:J 

6 .6(4 . 1) 

15 . 4(9 . S) 

3 . 1(2 . 3) 

14 . 1(5 . 2 ) 

l.'1( 0 . 9) 

16.1(4.B) 

12 . 8( 6 . 2) 

U . 0(4.l) 

17 . 3( 7. 6) 

16 . 8( 6 . 7) 

9 

10. 7(5 . l) 

22 . 7(8 . 1) 

5 .6(2 . 6) 

18.7(7 . 1) 

1. 7(1.l) 

17 . 8(4 . 4) 

10 . 5(4 . 3) 

ll . l(ll . 7) 

17 . ll ( 6 .0) 

19.0(6.2) 

( S . D. ) 

t 

16 . 3( II . ::>) 

38 . 1( 17 .4) 

8 . 7( 5 . 1) 

33 . 8(10. 9) 

3. 1( 1.8) 

33 . 9( 8 . 3) 

23 . 3(10 . 4) 

22 . 1( B. 2) 

34 . 7(12 . 2) 

35 . 8( 11. J) 

an worm 
recovery fro 

challen 

21.B 

25 . l 

30 . 8 

'23 . 3 

22 . 1 

J4 . 7 

0 llr • J. 

Percent Signiti­
reduction cancf. ( P) 

39 <0 .05 

30 <0 .05 

14 :>() . 

35 <:0 . 0 

38 <-0 .0l 

3 >{l . 



together with a group of challenge controls and perfused 5 weeks post 

challenge . Groups of mice injected with unirradiated somules and 2.7 

kr somules were left unchallenged serving as controls for the initial 

infections. 

UJ6 

The worm recoveries are presented in Table 26. No eggs were 

seen in the liver squash preparations of the mice vaccinated with 2.7 

kr somules . The mice infected with unirradiated somules showed the 

greatest resistance . The mean challenge derived worm recovery from 

the mice vaccinated with 2. 7 kr somules was not significantly differ­

ent from that of the challenge controls . However , one of the mice in 

this group harboured l?O worms which cons i derably raised both the mean 

and the standard deviation of the worm burden in thi s group. It is 

consider ed possible that this mouse was inadvertantly given a double 

dose of cha llenge cercariae. A low but significant degree of resist­

ance was apparent in the group of mice va cc inated with 5 kr somules , 

the mean worm burden in this group not being sign ificantly different 

from that in the 2. 7 kr group. 

These results showed that intramuscularly injected somules 

could be used to induce resistance in the mouse and such a method of 

vaccination was subsequently employed in the sheep (Taylor et al., 

1975). 

7. 5 Heterologous vaccination. 

Nelson~- (1969) and Amin and Nelson (1969) reported that 

mice infected withs. mattheei strongly resisted a challenge with ~ 

mansoni. The development of such heterologous protection with un-



Wol"II r-ecoveries fror.1 !!!ice ~ n a prir.!iiry infe, tion with 50 

i~diated with 2. 7 or 6 .0 kr, challenged ks .e_os t ch.Jllen 

Radiation 
,~uu n v. •• , ·~Covery (S. ff.) 11ean worm 

Percent Signifi -
~14> 

,. ____ -· ----
-" - ·- dose (kr) 

recovery 
reduction cance (P) 

cJ 9 l from clullen&e 

1. 1° Co . 9 0 8 .4(2 . 8) 7. 9{L O) 16 . 3( 5 0) 

1° + Chall . 9 0 20. 9(6 .7) 16 .6(4.4) 37 . 5( 8. 6) 21 .2 50 <0 .001 

3. Yacc. Co. B 2. 7 7 .0(2 . 9) 8.9(5 . 1) 15 .9( 7 . 7 ) 

Yacc. ♦ Chall . 12 2. 7 22.8(13.1) 23 .9(12. 6 ) li6 . 7(24 . B)1 30 . 8 27 >0 . 1 

5. Yacc ., Chall . 14 6.0 13.1(6.8) 17 . 3(5. 7) 30 . 4(11. 7) 30 . 4 28 .:0 .01 

6. Chall. Co . 12 - 18. 2(4 .2 ) 2li . 2(7 . 2) li2 . 4( 8. 3) 

Note - 1 . Very high standard deviation due to one roouse harbouring 120 worms. 



irradiated infections was confirmed in Chapter 3 . Vaccination with 

heterologous irradiated infections have not previously been investi­

gated and such was the purpose of the following experiment . 

Experiment 35 

Groups of T. O. (A. S.L.) mice were vaccinated with 200 ce r­

cariae of S . mansoni or S. mattheei or with 100 cercariae of both 

species, all cercariae being irradiated with 3. 0 kr. These mice , to­

gether with a group of challenge controls , were challenged 9 weeks 

later and perfused 8 weeks post challenge . Appropriate groups of 

vacc inated mice were left unchallenged to serve as vaccine controls . 

1 0 8 

The worm recoveries are shown in Table 27. Sterile , stunted 

worms of both species survived the irradiation, though as woul d be 

e xpected from the results presented in Chapter 5 , cons iderably more 

s . mattheei worms survived ( 13.2 ! 6.8 ) than S . mansoni (1. 6 ! 1 .4). 

Significant partial resistance following homologous challenge was found 

with both S . mattheei (32\ fewer worms than the controls) and S . manson i 

(41\ fewer worms), these degrees of r esi stance being roughly comparable 

with those reported above. However, no significant heterologous pro­

tection was evidenced . The mixed species vaccination resulted in signi ­

ficant partial protection against S. mansoni but not against s . mattheei. 

The results of experiments land 4 in Chapter 3 indica te that 

mi ce infec ted with unirradiated S. mattheei ors. mansoni can develop 

comparable levels of resistance to chal lenge with S. mansoni. However, 

the above result suggests that the resistance stimulated by irradiated 



TAB LE 27 . Experiment 35 

Nw:ber of mice Challenge •~ u•• " ""' "' .. ~co ve rv (s--:-Il:-1 Mean WOT'ii"• Pel"C'en r Si 
Group per group species 9 

recovery 
N'duc tion c ance d l f 

Vaccina ted 1 . Yacc . Co . B - 4. 7( 2 . 9 ) 8.5(4. 9 ) 13 . 2( 6 . 

vith 2 . Yacc . t Oiall. 14 S . mattheei 14 . 8( 5 . 9 ) 71. ~( 5 .b ) 36 . J( 9 . b ) 23 . l ;32 <0 .02 

Yacc . t Oiall. 15 s. ciansoni 14 . 3( 5 .6 ) 15. 7( 11.f, ) 30 . 0( 9 . 4 ) 16 . R 17 >O . 

Vaccina ted 4. Yacc . Co . 6 - 0 . 8(0 . 8 ) 0 . 8( 0 . b ) 1. 6( 1.4 ) 

with 5. Yacc . t Oiall. 12 s. mansorii 6 . 5(li .o) 7. 1( 4. 2 ) 13 . 6( 7 . 5 ) 12 . 0 41 <0 . 01 

s. mansoni 6 . Yacc . ~ Chall. 12 S . mattheei 20 . 5(6. 3 ) 17. 7(4 . 3) 38 . 2( 8 . 5 ) 36 . 6 - 1; >Cl . ii 

with ~1 • Yacc:. Co . 7 - 3.5( 2 . 0 ) 5. 2( 2 . 9 ) 8 . 7( U. 4 ) 

S. •ttheei & 
II . Yaoc: . ♦ Chall . 13 S . mattheei 20 . 2( 6 . 8 ) 18 . R( 6 . 0 ) 39 . 0( 11 . '3 ) 30. 3 10 >0 . 

·I. Yacc . t Chall. 13 s. mansoni 10 . 5( 3 . 7 ) 10. 5( 2. 7) 21. 0( 5 . 6 ) 12 . 3 J9 <0 .0l 

10 . Chall. Co . 14 S . ciattheei 17 .6( 6 . 8 ) 16 . 2( 5 . 7 ) 33 . 8( 11 . 7) JJ . 8 

11 . Chall. O:> . 14 s. ciansoni 9 . 5( 2 . 9) 10 . 7( 11 . 4 ) 20 . 2( 6 . 6 ) 20 . :? 

'-'-
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infections is more specific , homologous but not heterologous protection 

being demonstrated . 

7.o Discussion . 

Considering the generally poor protection stimulated against 

S. mattheei by irradiated infections in mice , and the rapid development 

of successful vaccination procedures i n sheep ( Taylor et al ., 1976; 

Bickle et al ., Appendix 4 ), no further attempts were made to opti ­

mize vaccination procedures in mice. However , some general conclusions 

arising from these studies may have relevance to those in the sheep . 

It appears that a minimum of 150 cercariae irradiated with 3 

or 6 kr are required to stimulate significant resistance but that in­

creas ing the number up to 600 does not affect the degree of resistance. 

This apparent dose dependancy in the induction of resistance is some­

what more c lear cut than the results obtained with S . mansoni. The 

failure to protect sheep with l or 2 doses of 10,000 irradiated ( 6 kr) 

cercariae compared with the success ful protection afforded by 4 doses 

of 10,000 cercariae (Taylor, 1975 and Taylor~-• 1976b) y be a 

reflection of a similar threshold requirement rather than a requirement 

for multiple vacc ination. 

Comparable levels of protection can be afforded mice by vac­

cination with percutaneously applied cercariae and intramuscularly in­

jected somules, Similar findings have been reported in sheep challenged 

with S. mattheei (Taylor~-• 1976b) and in mice challenged with !.:._ 

mansoni (see Chapter 6), 
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With regard to the optimal radiation dose , the results con­

tained herein indicate that when challenge is administered between 8-10 

weeks post immunization , comparable protection is afforded by cercariae 

or somules irradiated with 6 or 10 kr that fail to persist in the host 

and by larvae irradiated with 2.7 - 3 . 0 kr which produce a sterile worm 

infection. Essentially the same results were obtained with S . manson i . 

Similarly , Taylor et al. (197 6L)obtained comparable resistance in sheep 

vaccinated with cercariae irradiated with 6.0 and 3 . 0 kr and challenged 

22 weeks after the last vaccination (2-4 weeks after the first) . In a 

recently completed experiment (Bick le et al . , Append ix 4) comparable 

levels of resistance were apparent in sheep vaccinated with somules ir­

radiated with 2.7 or 6 . 0 kr and challenged about a year post vaccination . 

Vaccine controls were no t included in this experiment and therefore it 

is no t certain that any vaccinating parasites did survive as stunted 

adults although the results presented in Chapter 5 show that 2 .7 kr 

allows a percentage surviv,, l in mice. The results of this latest sheep 

e xperiment show that the resistance conferred by the 6.0 kr infec tion 

which probably survives only a few weeks is a long lasting resistance 

whi ch clearly indicates that it is immunologically mediated. 

In view of the success in vacc inating mice against S . mansoni 

with highly irradiated cercariae and somules (Chapter 6 ), it i s likely 

that such procedures would be effective in protecting mi ce and probably 

sheep against S. mattheei. However. as there are no stringent regula­

tions concerned with the use of live vaccines in animals and as w~ have 

no indication that vaccination with larvae exposed to low radiation 

doses produces any significant pathology, there seems little point in 



pursuing the use of such highly irra dia t ed cer cariae or somules in 

domestic animals . 

The fact that homologous but not heterologous protection 

was observed in mice vaccinated with irradiated S . mansoni or S . 

mattheei indicates that such resistance is spec ies specific . This 

contrasts with the demonstration that an unirradiated S . mattheei 

infection stimulates comparable protection against challenge with 

either S . mattheei or S . manson i ( see Chapter 3). Altho ugh based on 

isolated, unconfirmed results this apparent anomoly suggests that , 

in addition to di fferences in the kinetics of development of resist ­

ance following vaccination with irradiated cercariae and following 

unirradiated infection (see Chapter 6 ) , the mechanisms of resis tance 

and/ or the relevant antigens may also differ. 

132 

Similarly , recent studies in the sheep have shown that 

homologous vacc ination with irradiated somules is markedly more effect­

ive than he terologous vaccination ( Bickle et al. , - see Appendix •• ). 
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CHAPTER 8. SUMMARY AND CONCLUSIONS 

1) The literature review covered the state of knowledge of re-

sistance to S . mansoni in man,subhurnan primates and mice and suggested 

not only that the prospects of developing a highly effective human vac­

c i ne are remote at present but also that our knowledge of the mechan i s !'.lS 

of resistance in any of these hosts is limited . One of the more suc­

cessful approaches to vaccination, investigated in both primate and 

murine hosts is the use of radiation-attenuated infections, but despite 

interest in this during the 1960's, the parameters involved in the i n­

duction of this resistance have never been fully investigated. This 

was therefore one of the main areas covered in the present investiga­

tions, and was comb ined with studies on the effects of radiation on 

parasite migration and death in the host. There have been numerous 

r e ports that the mouse, chosen as the host in the present studies, can 

develop resistance to S. mansoni following both attenuated and unatten u­

ated infections. However, other workers employing similar experimenta l 

protocols have failed to demonstrate resistance even in mice harbouring 

unattenuated adult worm infections. It was thus considered advisable 

at the outset to establish that the particular mouse/schistosome strains 

employed in our laboratories would demonstrate resistance following un­

attenuated infections. Such investigations constituted the preliminary 

studies of this thesis. Despite the fact that it has been demonstrated 

that resistance to reinfection in the rhesus monkey can be stimulated 

by infections with worms of one sex, i.e. that resistance is stimulated 

by the adult worm alone, there is disagreement as to the efficacy of 

single sex infections in stimulating resistance in the mouse. It was 

thus decided to investigate the protection afforded by single sex infec­

tions which, if effective, would provide a model in which the mechanisms 
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of resistance could be investigated tmcomplicated by the host mortality 

and immune responses associated with the schistosome egg . Finally, 

vaccination with radiation-attenuated organisms has been successfully 

employed in protecting sheep against the sheep and cattle schistosome 

S . mattheei : Preliminary experiments were also undertaken to investi­

gate the use of the mouse as a model in which to study vaccination 

against this parasite. 

2) It was shown that the Swiss albino , T . O., strain developed 

significant resistance to challenge with S . mansoni administered 8 

weeks post primary infection and that comparable levels of resistance 

resulted following primary exposure to 20-80 cercariae . Comparable 

resistance was also developed following primary e xposures established 

by intramuscular injection of syringe-transformed ' schistosomula ' 

(' somules ') and by ' schistosomula ' prepared by penetration of isolated 

mouse skin , indicating that the penetration enzymes released during 

skin penetration are not necessary fer the s timulation of resistance. 

However , it was found that T.O. mice obtained from 3 different animal 

suppliers responded differently to infection, showing differences in 

mortality ra t e and markedly different levels of resistance to challenge. 

It is suggested that s imilar differen ces could at l east in part account 

for certain of the anomalous results tha t exist in the literature on 

resistance in the mouse. It was demonstrated that T.O. mice can 

develop re s istance to reinfection with S. matthee i and confirmed that 

mice infected with S. mattheei display heterologous resistance to 2,.:_ 

mansoni. 

3) Studies perfonned in collaboration with Dr . M.J. Doenhoff, 

presented as the preprint of a paper in Appendix 1, demonstrated that 



the CBA mouse also develops resistance to reinfection with S . mansoni . 

However , it was found that such mice infected with either male or 

female worms alone develop significantly lower resistance to challenge 

8 weeks post primary infection than mice harbouring an egg producing 

infection of worms of both sexes. Increasing the mean single sex 

(male) worm burden from 20 . 4 - 138 . 7 worms significantly increased the 

resistance to challenge but this was still only about half that mani ­

fest by mice harbouring a mean of 16 . 1 worms of both sexes . It is 

concluded that some factor{s) associated with a reproductively compe­

tent infection , possibly the eggs , are involved in the resistance 

manifest 8 weeks post primary infection . However, injection of eggs 

into the lungs via the tail vein failed to confer any resistance to 

challenge , suggesting that in this system there may be a requirement 

for both adult worms and eggs in the induction of resistance . 

4 ) Prior to investigating the resistance-inducing potential of 

cerca riae or ' somules' exposed to varying doses of radiation , the fate 

of such larvae and the pathological consequences to the host of their 

migration and death were investigated by a combination of recovery of 

the parasites and histology of the organs thI'Ough which they pass . 
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The minimum dose of radiation allowing persistence of a small propor­

tion of parasites as sterile adults was found to be 2 . 3 kr for S . 

mansoni and 2 .7 kr for S . mattheei although neither dose is an abso­

lute sterilizing dose, producing a range of attenuation. Female worms 

predominate in such persistent infections. By infecting mice with 

irradiated worms of one sex together with unirradiated worms of the 

opposite sex it was found that the sterility of the 2.3 kr S . mansoni 

infections was due predominantly to sterility of the females. Any eggs 

produced by the 2.3 kr infections almost invariably lacked ova and 



were found predominantly in the liver. Exposure of cercariae to 40 kr 

resulted in a very small proportion reaching the lungs whether infect­

ion was percutaneous or intramuscular and it is concluded that such 

schistosomula failed to penetrate blood vessels and died at the site 
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of infection . A greater, though still small , percentage of parasites 

exposed to 20 kr reached the lungs though very few reached the liver 

and it is concluded that the majority died at the sites of infection , 

the remainder dying in the lungs and in other organs of the body to 

which they travel during their systemic migration. Infection with 

somules irradiated with 2 . 3 - 10 kr resulted in a relatively normal 

lung migration as compared with an unirradiated infection indicating 

minimal radiation-induced death at the injection s ite . The low re­

covery of 10 kr parasites from the liver , howev~r, indicated that the 

majority of such schistosomula must have died in the lungs and possibly 

in other organs on their s y s temi c mi gration route . Exposure to 4 and 

2 . 3 kr resulted in a greater proportion of parasites reaching and 

dying in the liver and ,whi le most of the parasites exposed to 2.3 kr 

died in the first 2-4 weeks post infec tion, producing l esions in both 

the lungs and liver, a small proportion (l-4\ ) were capable of surviv­

ing at least up t o 200 days post infection. The nature and resolution 

of the schistosomulargranulomas in the lungs and liver were found to 

be essentially as described by other authors. Lesions in both the 

lungs and liver associated with dead parasite s exposed to 2.3 - 10 kr 

showed complete resolution without fibrosis and by 5-ti weeks post in­

fection both organs were essentially normal although sporadic les ions 

associated with dying 2.3 kr parasites were noted as late as 140 days 

after infection. 
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5) The various parameters involved in the induction o f r e sis t ance 

to S . mansoni by irradiated infections were investigated . 

(a) Radiation dose 

Significant resistance was demonstrated following exposure to 

cercariae or somules irradiated with 2 . 3 - 160 kr , persistence of 

stunted survivors of the radiation treatment not being necessary for 

the development of resistance . Vaccination with parasites exposed to 

2 . 3 or 40 kr was shown to result in reduced wonn and egg burdens 

following challenge and increased survival time post challenge was con­

ferred by vaccination wi th 40 kr somules . 

( b ) Ti me of onset and duration o f res istance 

Resistance was a ppa ren t just 3 weeks pos t vacc i nation at which 

time maximal res i stance was st i mula t ed by larvae e xposed to 20 kr, 

larvae e xposed to bo th higher and lowe r doses producing lower levels 

of re s i s t ance . The re s i stance manifest by mi ce vaccinated wi th 40 kr 

parasites was s hown t o pe rsi s t a t a rela tively low l e vel unti l at 

leas t 16 weeks post vaccinatio n. Resista nce i nduced by 20 kr lar vae 

decline d a little with time . However, the level o f resis t a n c e i nduced 

by l a rvae exposed to 2. 3 kr increased suc h that by 8 weeks post vacc i na­

tion it was comparable with that induced by 20 kr larvae and by 1 7 weeks 

somewhat greate r. Vacc ination with 10 kr parasites produced somewha t 

in consis tent results. 

( c ) What stimulates resistance? 

Whereas vaccination with 500 cercariae irradiated with 20 kr 

stimulated marked resistance, manifest at both 3 and 8 weeks post 



vaccination , mice infected with 300 unirradiated male cercariae failed 

to develop s i gn i ficant resistance to challenge at either of these 

times whi le mice exposed to 35 unirradiated cercariae of both sexes 

showed a marked i ncrease in resistance between 3 and 8 weeks . It is 

concluded that the resistance induced by irradiated infections is 

stimulated in a fundamentally different manner from that induced by a 

primary bisexual i nfection and depends upon the death of the irradi­

ated parasites . Thus the slower development of res i stance in mice 

vaccinated with 2 . 3 kr parasites may be a reflection of their longer 

mean survival time, Vaccination with 40 k r somules k i lled as a conse ­

quence of mixing with the adjuvants C. parvum and B. pertus,,is (death 

possibly caused by the thiormersil preservative ) failed to induce 

s ignificant r esis tan ce indi c ating the necessity for the somules to be 

al ive in orde r to stimulate resi s tance . It is postulated that a 

period of life, albeit in a moribund state , surrounded by the cellular 

components of the schistosomular granuloma may be involved in the 

st imulation o f such resistance . 

(d) Dose of vaccine 

Comparable resistance was stimulated when T.O. mice were vac­

c inated with between 200 and 500 cercariae irradiated with 2.3 kr . 

resulting in mean sterile worm burdens of 3.5 - 9.3 worms . S imilarly, 

increasing the number of 40 kr somules from 500 to 2000 failed t o 

result in increased resistance in CB A mice although resistance was 

less consistently produced by 50-200 somules. 



(e) Frequency of vaccination 

A single vacc ination with 600 ce rcariae was a s e ffective as 2 

or 3 vaccinations c omprising the same total number o f cer c ari a e. 

(fl Routes 

Comparable resistanc e was induced following intradermal, intra­

mus c ular and intravenous administration of 40 kr somules but subcutaneous 

vaccination failed to stimulate significant resistance. 

( g ) Adjuvants 

The level of resistance could not be enhanced by administering 

the irrad i ated somules together with B.C. G., B. pertussi s or C . parvum 

although the somules mixed with the latter two ad juvants were dead on in­

jection. It is considered, however, that such vacc ination procedures as 

have been demonstrated here should be tested in combination with the e ver 

increasing number of adjuvant preparations in the hope that resistance 

can be markedly improved. 

6) These studies have c larified the parameters involved in the in-

duction of resistance against S. IT\'3nsoni in the mouse and resul ted in the 

development of vaccination procedures that c onsistently produce partial 

protection. The stimulation of resistance by relatively s imple, short­

lived :Lsrval parasites offers a convenient model in which the mechanisms 

of resistance can be studied and. if found to be immunological. may lead 

to an analysis of the antigens involved, 



7) Mice vaccinated with irradiated S . mattheei larvae were shown 

to be partially resistant to homologous challenge administered 8- 10 

weeks later . Comparable levels of resistance followed vaccination with 

percutaneously-applied cercariae and intramuscularly-iniected somules 

irradiated with 2.7-3.0 kr , which persisted as stunted sterile adults 

or with 6.0-10.0 kr which did not produce persistent infections . The 

induction of resistance appeared to be dose dependant , vaccination with 

150-600 irradiated cercariae resulting in comparable levels of resist ­

ance but 100 cercariae fa iling to induce any significant protection . 

The level of protection afforded mice by such va cc ination was generally 

weak ( 20-40\) and,in view of the rapid development of successful vac c ina­

tion procedures in sheep, it is concluded that the mouse i s not a parti­

cularly useful host in which to try and develop optimal vaccinat ion pro­

cedures against the ovine and bovine schistosomes . 

In a comparative experiment, mice vaccinated with irradiated 

S . mansoni or S. mattheei cercariae developed significant resistance to 

challenge with the homologous but not the heterologous species. This 

apparent species specificity contrasts with the demonstration of heter­

ologous resistance following primary unirradiated infection ( see above) 

and suggests that the mechanisms and/or the relevant antigens involved 

may differ in the resistance induced by irradiated as compared with un­

irradiated infections , 
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ABSTRACT 

The degree of resistance acquired by Schistosoma mansoni­

infected mice against hollXllogous challenge has been determined by 

perfusion of the animals within three weeks of the challenge , at 

~J3 

which time the challenge-derived organisms were morphologically 

distinguishable from the primary infection which induced the resist­

ance. The method has been compared with assays based on determination 

of the number of organisms migrating through the lung, and with per­

fusions at a later time when the challenge has matured. The results 

obtained with the three week perfusion method, showing that resistance 

was acquired by eight weeks after a primary infection, were confirmed 

by the longer survival of, and reduced egg excretion rates and tissue 

egg burdens in the experimental animals relative to respect i ve ch~llen£e 

control animals. However, some discrepancy in challenge-derived worm 

numbers was found between animals perfused three weeks after challenge 

and those autopsied at later times, and the possible reasons for this 

difference are discussed. The degree of resistance that was acquired 

was to some extent dependent on the size of the challenge infection . 
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Resistance to reinfection with schistosomes in experimental 

animals is usually assayed by determining the number of challenge­

deri ved organisms which survive in primarily-infected animals relative 

to appropriate challenge controls . At various stages during its migra­

tion from the skin to the portal system the challenge infection lends 

itself to enumeration. Thus , a technique for isolating lung borne 

schistosomula , first described by Olivier (1952) and used in resistance 

studies by Olivier and Schneidermann (1953), was reintroduced as a 

method by Clegg (1965) and used for assaying resistance within a week 

of challenge in the rat by Perez, Clegg and Smithers (1974 ) and in the 

mouse by Sher , Mackenzie and Smithers ( 1974 ), Sher , Smithers and 

Mackenzie (1975), and Mahmoud , Warren and Graham (1975 ). 

By perfusing mice from two to four weeks after challenge , 

Oli vier and Schneidermann (19 53 ) were able to isolate surviving 

challenge-derived organisms, the majority of which have by this time 

probably reached the portal system (Olivier, 1952), and could dis­

tinguish them from worms of the primary infec tion by the immaturity of 

the former. Thompson (1954) used a similar ploy in some of hi s e xperi­

ments. More recently the two populations have been distinguished from 

each other by radiolabelling and subsequent auto-radiography (Reid, 

Phillips and Roscinsky, 1977). However, in the majority of studies on 

resistance, perfusion of the experimental animals has been delayed 

until the challenge has matured, and the degree of resistance in these 

animals has been ca lculated relative to the number of organisms found 

in two control groups given either the primary infection or challenge 

alone. 
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In this study we reinvestigate the potential usefulness of 

perfnsing animals before the challenge infection has matured , and 

dis cuss some of the advantages of this method compared with the more 

widely used assays based on detection of immature challenge -derived 

organisms in the lung or perfusion of fully mature organisms from the 

portal system. We have found the system particularly useful in 

assessing the effects of a variety of parasite- and host-related 

factors on the degree of resistance acquired against S . manson i by 

mice. Parameters which we have investigated include the size of the 

primary infection , its sex and its route of administration, the time 

at which resistance is acquired (see following paper ), and the effect 

of immunosuppressing the host before and after administration of the 

primary infection. The results of these investigations will be given 

in subsequent papers of this series. 



MATERIALS AND METHODS 

Mic 

Two inbred syngeneic strains of~ b fl mice w~•~ us d for 

resistance studies, these being CB A /Lac or CB A /H-T6T6, The 

latter differs from the former in possessing two minute marker chromo­

somes which arose as a result of an irradiation-induced translocation 

( Ford, Hamerton, Barnes and Louti t , 1956 ), but both strains are H-2k 

and neither rejects skin grafts from the other . These mice were 
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either bred on site , or obtained from Chester Beatty Research Institute, 

London , or Bantin and KingTn<3n , Aldbrough. No differences were observed 

between e xperiments that could be attributed to the interchange of the 

two strains or the three suppliers , and the mice will here be referred 

o only s C B A. 

Us w s made of mice aged between eight and twenty weeks of 

ei her sex , nd no diff-rences ~TT~ibutable to age or sex were dis­

ce rn d betwe n xperim nts. 

A Puerto Rican strain of Schistosoma mansoni was maintained 

by laboratory passage in Biomphalaria glab~~ta snails, each infected 

with up to twelve miracidia, and random bred T.O. mice infected with 

50 cercariae (Taylor, Amin and Nelson, 1969). Mi cidi for inf c ing 

snails were hatched from liver derived eggs. Inf, cted ■nils w 

collected into dechlorinated water and induced to shed c re ri • photo­

tropically at 30° C. The parasite larvae were us,1d for in ection within 

three hours of emergence (Olivier, 1966). 



Method of infection 

Mice were infected percutaneously through a shaven abdomen 

or flank by the method of Smithers and Te r r y ( 1965 ). Animals were 

anaesth e t ized with sodi um pentobarbitone ( 0 . 06 mg/g body weight , 

Sagatal , May and Baker Ltd., Dagenham , England ) and the cercariae 

placed i n a nickel- plated brass riug which was re t ained on t he skin 

with the aid of transparent self-adhesi ve tape. The v olume of fluid 

placed in t he rin g var ied according to t h e concentra tion of cercariae 

obta i ned on t he day of infection , b ut was never less tha n 0 . 1 ml nor 

more than 0 . 9 ml. When c h ecked, a t lea s t 90% o f cer c ariae had pene ­

trated aft e r twenty minutes , a t which time excess fluid a n d rings 

were r e move d an d the a n imals allowed to r ecover over gentle warmth. 

Perfusion technique 

Infected mi ce were perfused according to the method o f 

Smithers and Terry (1965). Mi ce were killed with 12 mg pentobarbitone 

in solution containing heparin, and the thorac ic and peritoneal 

c avities opened. 25 ml of perfusion fluid (8. 6 g NaCl, 15 g trisodium 

citrate, 2000 units heparin, 0.2 g Merthiolate/litre water) was inject· 

ed into the right ventricle, and the perfuseate emerging from an 

incision in the hepatic portal vein was drained into a conical-based 

plastic "Universal" container. Fresh solution was used to rinse out 

the peritoneal cavity into the same vessel. After allowing the para­

sites to settle excess solution was removed and the erythrocytes in 

the remaining l - 1.5 ml of fluid we~ lysed with a few drops of 2.5% 

Saponin solution. 
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Perfuseates containing only mature worms were poured into a 

Petri dish ar.1 the organisms counted and sexed under a dissecting 

microscope . Fluid from vessels containing both adult and immature 

parasites was emptied into Sedgewick Rafter chamgers , and the 

" Universals " rinsed out with O. 5 ml perfusion fluid which was emptied 

into the same chamber . The adults were removed for counting separately 

and the chambers scanned at a magnificat i on of 32 x for determination 

of the number of immature worms. The side and base of empt i ed 

" Universals" were e xamined under a dissect i ng microscope for the 

presence of attached i mmature parasites . 

I solati on of migratin~ schistosomula from the lun gs an d l ive r 

The me thod used for l ungs was the same as that described in 

J ames a nd Ta ylo r (1976 ) whi ch in turn was adapted from descripti o ns by 

Sher~- (1974) and Clegg, (19 6 5 ). Essentially the s ame me thod wa s 

used in an a ttempt to extract from the liver oganisms which h a d f a i led 

to emerge from the portal system with the perfusion fluid. 

Experimental desiwi and computation of results 

In the earlier perfusion experiments three groups of mice 

were set up in the conventional manner; namely, Group A mi ce were 

control animals given a primary infection alone; Group B, experimental 

mice given a primary infection and challenge; and Group C, challenge 

controls. The adopted practice of perfusing mice by 25 days after 

challenge allowed m:,rphological differentiation between mature wonns 

derived from the primary infection and immature challenge-derived 



organisms , and because no consistent difference was found in the 

number of mature worms perfused from Groups A and B i n any one 

experi ment , Group A mice were in some experiments considered super­

fluous and dispensed wi th . 

The mi ce used in an e xperi ment were a l l of the same CB A 

substrain , sex and age , and obtained from t he same s upp l ier. In 

general experi ments were in i tiated wi th 10 mi ce / group, and situations 

in which mice died duri ng the course of the e xperiment, particularly 

where thi s i s likely to affect interpreta tion of the resul t s, wil l be 

indicated in the te xt . 
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Results of perfusi on expe riments have be en presented in 

tabular f orm. The percentage r educ t i on (%r) in the number of challenge ­

derived organisms pe rfused from an individual group B animal (n), 

relative to the mean number of organisms/mouse in Grcup C (N) has been 

calc ulated according to the formula 

%r = 100 ( .!!_ K 100) N • 

The mean value of \r for B animals as a grcup was then deter­

mined and is given in the table colwnns headed "% rer\11ction". When a 

Group B animal was found to have a greater number of immaturP. challenge­

derived organisms than the mean number found in Group Cit was consider­

ed to have a \r of O. For this reason the figures given for the \ 

reduction of the challenge in Group Bare son-etirnes greater than the 

results of the calculation 

100 _ (lOO • mean number of challen1e-derived oraanisms in Group B) 
mean number of organisms In Group C 
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This is particularly so when an experimental group as a whole has 

acquired only a relatively low degree of resistance . Because it has 

been found that mice given cercariae of one sex alone only developed 

minimal resistance to challenge relative to animals harbouring bisex,ial 

infections (B i ckle et al ., in preparation ), all Group A and B mice 

which on perfusion had no worms or wor115 of only one sex , and no macro­

scopic evi dence of liver granulomas , were excluded f rom t he further 

calculations performed on the group to which they belonged . Such mice 

were generally only occasionally found i n groups primarily-infected 

with fewer t han 35 cercariae. The percentage reduc tion for Group B 

an i mals h as only b een calculat ed re lative to Group C mice challen ged 

with the same batch o f cercari ae . 

The mean numbers of p a rasite s perfused from each gro up are 

given with an indication o f the group variability in terms of! one 

standard deviation. 

Faecal egg counts 

Mice were placed individually in 400 ml plastic be akers and 

allowed to defaecate, Single faecal pellets of between 10 and 40 mg 

were weighed to the nearest milligram and placed in 10 ml isotonic 

saline solution. After approximately 30 minutes the pellets were dis­

rupted by aspiration in a 10 ml plastic syringe without needle, and 

the larger undigested food particles removed by filtration through a 

-320 µ metal sieve. Each filtrate was passed through a Whatman No. 4 

filter paper and the eggs retained on the paper were stained with 

saturated Ninhydrin solution as described by Bell (1963). Dried 



papers were e xami ned at a magnificati on of 32x. Results are e xpressed 

a s the number of eggs/10 0 mg fae c al matter or Log
10 

( x + 1) n umbe r o f 

e ggs/100 mg . 

Tissue e11.:11.: c ounts 

Following perfus i on of infected mice , t he large i ntest i ne , 

c a ecum, small intestine and t he liver (the l a t ter always excluding t he 

two lobes e n compassing the gall bladder , t he se ha v ing been somet i mes 

taken for hi stologi cal examinati on ) we r e remove d a n d stor ed a t - 20° C 

until requi red. The gut and live r were d i gested in e ither 10 o r 20 ml 

of 5\ po t assium hydroxide solut i on at 37° C for 16 ho urs (Chee ver, 

1968). Fifty or 100 Ul aliquots of the diges t s were placed under 

coverslips on micros c ope sli des and the eggs c ounted at 32x magnifica­

tion. Each digest was examined in triplic ate and the mean of the 

res ults expressed as eggs/tissue or egg/worm pair/tissue. No c orrec­

tion was made for the eggs that were present in the portion of liver 

removed for histology. 

Statistics 

The Student "t" test was used to determine the significance 

of the difference between experimental groups. 

RESULTS 

~..:. 1 

Table l gives the results of an experiment in which mice were 

perfused at intervals between 7 and 24 days after challenge. Although 

in both G!'Oups Band C there was a marked increase in the number of 



perfuseable challenge-derived organisms between 7 and ll days after 

challenge , it appears that the majority of the survivors of the chal­

lenge had all reached the portal blood system in both types of mice 

some time be tween ll and 24 days after challenge . The percentage 

reduction in the number of challenge organisms in the primarily­

infected mice remained relatively constant throughout the time course , 

and the number of mature worms derived from the primary infection was 

no different in unchallenged compared with challenged animals (Groups 

A and B respectively). 

In an attempt to determine whether the percentage reduction 

of challenge organisms in primarily-infected mice relative to chal­

lenge control animals (Groups Band C respectively, Table 1) was to 

any extent due to a delay in the migration of challenge organisms in 

the former mice, two further experiments were performed in which the 

results of perfusion 3 weeks after challenge were compared with perfu­

sion 5 or 8 weeks post-challenge (Table II). In both instances the 

percentage reduction in the c hallenge was less at the later perfusion 

time than at the 3-week perfusion, s uggesting that at the earlier an 

e lement of delay contributed to the degree of resistance observed. 

Nevertheless even at the later perfusion times in both experiments 

there was a significant difference between the primarily-infected a nd 

challenge-control animals with respect to the number of challenge­

derived organisms which survived. The results in Table III substanti­

ate the figures for the worm counts of the second experiment given in 

Table II, in as much as the faecal egg output of the primarily-infected 

and challenged mice was intermediate between those of the two control 

groups on the day before perfusion. Thus tne egg excretion rate was 



reduced by 83% in the experimental animals relative to challenge 

controls and at the time of perfusion the number of parasite eggs 

found in the liver and gut in the same animals was approximately 65% 

lower than in the challenge cont rols, in both instances the result 

having been corrected for eggs derived from the primary infection 

Table III). 

The discrapancy between the results of perfusing mice 3 
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weeks and 5 or 8 weeks after challenge (Table II) may be attributable 

to a proportion of the challenge being trapped at the time of perfusion 

in the microvasculature of the granulorna-damaged livers of primarily-

infected animals. To investigate this possibility the livers of 

primarily-infected challenged mice were subjected to the same treatment 

as lungs in the assay for detecting schistosomula during their lung 

migration stage (Sher~·• 1974; Clegg, 1965 ). The results for the 

number of organisms which were perfused from the portal systems and 

extracted from the livers of these animals as well as respective chal­

lenge control mice are given in Table IV. The number of perfuseable 

challenge-derived organisms was reduced by appro ximately 84% in the 

primarily-infected mice relative to the cha llenge controls , and there 

was little difference in the number of immature WOl'11ls detected in the 

livers of the two groups. 

The results of an extended time-course experiment on the egg 

excretion rate in an experimental group and two control groups of mice 

infected similarly to those in Table Ill are given in figure 1. The 

mean number of eggs detected in the faeces of the experimental group 

tended to increase throughout the time course, whereas the number had 

"plateaued" in the challenge controls by approximately 50 days aftf'lr 



challenge ( Figure lb ). However , interpretation of these results is 

complicated by the death of some animals in all three groups in this 

experiment during the period of study (Fi gure 2 ). The protection 

afforded by the primary i nfection agai nst the lethal ~ffects of the 

challenge was confirmed by the e xtended surviva l rate of an i mals in 

the experi mental group relat i ve to the challenge controls ( Fi gure 2 ). 

The real e x tens i on of the l i fe span of the prima ri l y i nfected and 

challenged mice relat ive to the c hallenge controls i s d i ff i c ult to 

calculate , s ince i n th e t i me i n t e rva l be twe en t h e deaths of the fi r st 

and last o f the challenge controls 7 mi ce give n the primary i nfect i on 

alone also succ umbed . 
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In a further experiment the r es ults ob tained by perfusion of 

animals before maturation of ~he c hallenge infection were direc tly com­

pared with the lung migratio n technique by performing both assays on 

the same animals. The results for the absolute number of organisms 

detected in the experimental and challenge coPtrol animals are given in 

Figure 3. In this experiment it appears that there was no increase i n 

the number of perfuseable challenge-derived organisms in the primarily­

infected group between days 10 and ~5 after challenge (Figure 3b). The 

number of challenge organisms detected in the lungs of primarily ­

infected animals was lower on clays 3-6 post-challenge relative to the 

control group, but the number was approximately the same in both groups 

thereafter (Figure 3b). The number of mature worms perfused from the 

experimental animals remained relatively constant throughout the time 

course (Figure 4a). When the percent reduction in the number of chal­

lenge organisrre in the primarily-infected animals relative to challenge 

controls was calculated with respect to lung-borne schistosomula alone. 



the result was highly variable between days 3 and 7 post-challenge, 

and thereafter the difference between the two gr,oups was minimal 

( Figure 4c) . In contrast , by 10 days post-challenge the percent re­

duction in the number of perfuseable challenge-derived organisms had 

reached a level which was retained relatively constantly until day 25 

(Figure 4d ). 

The results given in Table V are from an experiment designed 

to determine the effect of varying the number of challenge cercariae 

in the model system described here. It is apparent that by increasing 

the size of the challenge frcm 100 to 800 cercariae, the degree of 

resistance was decreased to a level that was not significant. 

DISCUSSION 

Advantages which accrue frcm the technique of perfusing 

primarily-infected and challenged animals before the latter infection 

has matured and become indistinguishable in size from the former in­

clude (a) the ease with which "single-sex"-infected animals (which have 

been shown to develop only a poor degree of resistance - Bickle~-• 

in preparation) can be recognized, (b) the eArlier termination of e x­

periments and (c) the potential for analysing the degree of resistance 

in individual animals. Furthermore, the early perfusion method has 

shown that the number of mature organisms derived from the primary 

infection in Group B mice (primary infection and challenge) is no 

different from that found in Group A (unchallenged) animals, thus 

corroborating the hypothesis of "concomitant immunity", that is, that 

adult worms from a primary infection can survive in the presence of a 



host response that prevents the maturation of a challenge infection 

( Smi t hers and Terry, 1 969 ). 

Our resul ts indicat i ng t hat the degree of res i stance is 

greater when an i mals are pe r fused 3 weeks after challenge instead of 

at 5 or 8 weeks ( Table I J: ), may be e xp la ined i n terms of a delayed 

migration of challenge organ i sms i n p r imar ily-infected mice . Thus 

Sher et al . ( 1974) observed two phases in the acq u i s ition of r esis t­

ance ; (1) a n ea r l y phase of resis t ance 3 wee ks a fter infec tion , whi ch 

could be de t ected as a delay in the mi gration of schi s tosomul a t hrough 

the l ungs o f infected mi ce r elative t o chal l e nge controls, but t h e re 

was little difference in the number of challe nge -derived o rgani sms 

whi c h eventua lly mature d, and ( 2 ) in mice in f e cte d for 12 to 1 5 weeks 

the re was a reduction in both the number of schistosomula migrating 

through the lung ~nd in the size of the per f useable worm burden. The 

pattern observed here for the migration of c hallenge o rganisms through 

the lung (Figure 3b) appears to have a form that i s intermediate 

between the 3 week-infecte d and 12 week-infected animals of Sher et al. 

(1974) relative to the r~spective challenge controls in the two studies . 

In the present study nearly as great a total number of chal­

lenge-derived schistosomula were eventually found in the lungs of both 

infected and control animals, but since relatively few challenge 

organisms were subsequently able to emerge into the portal system of 

the primarily-infected mice by 25 days ( Figure 3c) it appears that the 

majority were eliminated in the infected animals either in the lungs 

or fairly soon afterwards. Tnis interpretation may be contrasted with 

the evidence of von Lichtenberg, Sher and McIntyre (1977) whi ch 



suggests that the destruction of the challenge in resistant animals 

occurs before the parasites reach the lungs . This discrepancy may 

again depend on the different time intervals between infection and 

challenge in the two studies . 

According to our calculations , the degree of resistance 

varied markedly between days 3 and 7 post--challenge , the majority of 

challenge organisms being detected in the lungs at this stage. In 

contrast , the degree of resistance with respect to perfuseable chal-

lenge orgaisms was relatively constant from day 7 onwards. Est i mates 

of acquired res i stance based on the lung migration assay a t a single 

time poin t after challenge may the r efore be mi sleadi ng. 

The disparity b e twee n the results i n Figures 3 and 4, which 

give no evi dence o f a delay in migration o f the c hallenge to the 

portal s ystem of previously infec ted mice, an d those in Ta ble II may 

be due to a w~ry much reduced rate of migration of cha l lenge organis ms 

from the lungs t o the portal system of primarily-infec ted anima ls 

compared with the rate of migration in challenge control mice . A 

greater number of schistosomula were detec ted in the lungs o f the 

fonner animals 18, 21 and 25 days after challenge (Figure 3b) and 

these organisms may be representatives of a population which as a 

result of slow maturation are of a size whi c h allows them to remain in 

the general circulation for a greatly exte nded period. 

It is not known to what extent the results given here on host 

survival (Figure 2) and egg excretion rates (Figure l) were affected 

by th• parasite egg-induced &ranulomatous reaction being iess severe 
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(Andrade a nd Warren , 1964 ; Cheever, 1965 ) an d the r ate of egg destruc­

tion being greater (Cheever and Anderson, 1971) in chronically-in f ec t ed 

mi ce than in mice with early post-patent infections . 

It is apparent from Table IV that the degree of r es istance 

detected in primarily-infected animals may depend on the size of the 

c hallenge that has been administered , with larger challenges to some 

extent over-riding the protective mechanisms that have been induced. 

In contrast , Hunter, Crandall , Zickafoose and Purvis (1962 ) concluded 

that variation in the number of challenge larvae made little difference 

to the demonstration of resistance in mice 8 weeks after primary infec­

t i on, though a redu~ed degree of resistance has been noted in rats 

exposed to 5000 cercariae compared with those c hallenged with only 500 

to 1000 organisms (Knopf, Nutman and Reasoner, 1977). In the following 

paper, whi ch investigates the time at which resistance to homologous 

reinfection is acquired in the mouse , a challenge of 200 cercariae has 

been used. 



LEGENDS 

Table l 

Mice were infected percutaneously with 50 S . mansoni 

cercariae (Groups A and B) and 8 weeks later challenged , together 

with age - and sex-matched uninfected control groups (C), with 200 

homologous larvae. Mice were perfused 7, 11, 15 or 24 days after 

challenge. (1) Number of mice per group at time of perfusion. 

(2) Number of worm pairs= number of mature male or female worms, 

whichever was the lower, derived from the primary infection. ( 3) 

~umber of challenge-derived organisms, distinguishable in terms 

of size from the adult worms of the primary infection. (4) \ re­

duction= mean of the values obtained for the calculations of 

n 
100 - (N x 100) where n = the number of challenge-derived organ-

isms perfused from each G:roup B mouse and N = the mean nl.llllber of 

organisms perfused from Group Casa whole. (5) Derived from the 

Student 1 t 1 test and calculated using the actual number of 

challenge-derived organisms perfused from respective Group Band 

C animals. (6) Perfused on the same day as the Group Band C mice 

which were perfused 7 days after challenge. 
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TABLE I 

Group Ho. of Day of No . of Adult No . of Wore No . of Immature \ p. ( 5 ) 
aice (1) Perfusion Worms Pairs ( 2) Worms ( 3) R.educ tion( 4) 

A 10 7(6) 7. 5 ! 4 . 3 2. 5 ! 1. 

B 10 7 
8. 3 ! 3. 8 3.1 ! 1. 1 J . 7 .! 2.1 56 .0 .! 25 . l <0 . 01 

C 10 - - e.1; .! 4 ._o 

B 10 
11 

6. 4 ! 2. 8 2. 11 ! 0 . 8 17 . 4 ! 9 .1 56 . 3 .: 22 . 9 <0 .001 
C 9 - - 39 . 8 ! 10. 5 

B 10 15 
7. 1 ! 4.1 2. 1 ! 1.4 25 .8 ! 10.u 30 . 6 ! 25 .5 N.S. 

C 10 - - 36 .0 .! 14 . 6 

B 9 21l 6. 11 ! 2. 8 2 . 3 ! 1.0 23 .6 .! 15 . 0 so . 7 .! :l0. 2 <0 .01 
C 10 - - 46 . 8 ! 16 . J 



Table II 

Three groups of CBA mice (one Group A and two Group B) 

in each of two e xperiments were given three percutaneous inject­

i ons of 15 , 15 and 10 S . manson i cercariae respectively , each 

infect i on separated by an i nterval of one week . Eight weeks 

a f ter the f i rst of t he p rimary infections the three groups of 

ani mals were c h allenged wi th 200 homologous cercariae , together 

with two uninfected cont rol groups ( C). Twenty-one days after 

cha l lenge one Group Band one Group C in each of the e xperiments 

were perfuse d, a nd 35 da y s (Experimen t l) o r 53 days (Experiment 

2) after c hallenge the remain ing three groups we re perfused . For 

notes (1), (2), (3) and ( 5 ) see Legend t o Tab le 1 . (4) The 

degree of resi s tance in animals perfused 3 weeks afte r c hallen ge 

was calc ulated a s in note 4, Table l; for a nimals perfused 5 or 

nearly 8 weeks after challenge, it was calc ulated by sub t r acting 

the mean number of worms/mouse found in Group A from the numbe r 

found in each Group B animal, and subsequently calc ulating the 

percentage reduction in each B animal relative to the mean number 

of worms perfused from Group C mice. 
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txpt. Group 
No. of Day of No. of Adult No . of Worm No. of I111111c1ture \ p . ( 5) 

Mice(l) Perfusion Worms Pairs(2) Worms ( 3) Reduction (4) 

B 9 21 
10. 0 ! 3.0 4. 3 ! 1.4 18. 3 ! 111. 7 76 .6 ! 18.8 <0 .001 

- 78 .11 ! 111 . 9 
C 10 

l A 21 8.6 .! 3. 2 3 .5 .! 1.5 

B 22 53 . 7 ! 28.1 20. 1 ! 12.7 - 52 . 2 ! 29 . 3 <0 .001 
35 

C u 93.8 ! 11.8 110 . 8 :! 6.7 

---
B 9 22 

13. 0 ! 4 .6 5. 0 ! l. 7 13. 3 ! 7.6 64 . 6 ! 20 . l <0 .001 

- 37 . 7 ! 10. 6 
C 10 

2 A 17 10. 7 ! II . 7 4 . II .! 2.1 

B 20 34 . 2 ! 17.0 15.l ! 7.9 - 48 .0 ! 32 . 6 
53 

19 . 3 ! 
<0 .001 

C 13 42 . 0 ! 11. 0 5. 3 



T b le III 

The number of worms perfused from the mice autopsie d 8 

weeks after challenge i n Experiment 2, Table II , together with 

the numbe r of eggs found in the l iver , i ntestine and faeces of 

these an i mals . \ reduction i n each instance was calcul ated 

according to t he fo r mula 

100 
_ (mean of Group B - mean of Group A x l 00 ) 

mean of Group C 

Fae cal egg determination was made on the day before 

perfusion. 
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TABLE III 

Gll'o"' 
llo. of No. of ' No. of eggs ' No. of eggs \ No . of eggs/ \ 

Mice Adult Worm Red'o in liver Red'n in gut Red ' o lOOml?. faeces Red ' n 

A 17 10. 7 .! 7. 7 -- 16463 .! 4691 -- 2787lf .! 17926 -- 94 . l ! 72 . 6 

8 20 34.2 ! 17.0 44 . l 21467 .! 6549 67 . 2 48513 ! 157119 62 . 6 129 . 3 .! 68 , 6 83 . 4 

C 13 42.0 .! 11.0 -- 15241 .! 4582 -- 54149 ! 18808 -- 212 . 6 ! 141.2 



Table IV 

Mice infected percutaneously with 100 S. mansoni cer­

cariae were challenged 7 weeks later together with uninfected 

controls with 200 homclogous larvae. Immediately following per­

fusion 21 days after challenge the livers from both groups of 

mice were finely minced in medium and incubated for three hours 

at 37° C for extraction of challenge-derived organisms which 

had not been perfused. Notes (1). (3). (~} and (5) as in Table I. 
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..... lo. of lo. of adult No. of perfused No. o f i11111ature Total No . of \ ( lj) 
p . (5) 

alce(l) IIO~ i-ture wonas( 3 ) worm in liver inmature worms Reduction 

26.9 6. 2 1.1 7.3 83 . 7 
I 9 

♦ 
<0 . 001 

6.6 ! 3. 6 ! l. 3 ! lj . 5 t 
9. 9 

44 . 0 1.0 115 . 0 
C 9 

! 16 . 5 ! 1.0 ! 16 . 8 



T bl.e V 

CBA mi ce w re given primary infec ion of 5 S . mansoni 

c re ri e (Groups A nd B) nd th Group B mice , toge her wi h th 

respective c h 11 n controls (C) w re ch 11 ng d 8 w ks l tr 

with 100, 200, 400 or 800 cercari e . Al.1 groups were perfused 28 

days after ch llenge. Notes (1), (3), (4) and (5) as in Table I. 
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lo. of lo. of Cballengie No. of Adult Ho. of Immature ' p .( 5) 
lllce(l) cercariae 110~ IIOl'IIIB (3) Reduction(4) 

& 21 - 7.9 ! IL4 

B 10 6.8 ! 1.2 9.6 ! 5.2 
t 

100 63 . 9 - 19. 4 <0 .01 
C 10 - 26. 6 ! 13. 2 

8 ll 5.3 ! 3. 5 22 . 8 ! 16.1 
47. 6 ! 33 . 7 200 

41. 3 .! 23 . 7 
<0 .05 

C ll -

B ll 7.11 ! 4,1 57 . 7 .! 35 , 5 
45 . 2 ! 32 . 5 400 

103.1 .! 45 . 5 
<0.02 

C ll -

B 9 9.0 ! 4.9 113. 7 .! 66 . 3 
800 

179.5 .! 74 .8 
38 . 3 ! 34 . 7 N.S. 

C 10 -



Figure l 

( a ) The rate of S. mansoni egg excretion (mean number of 

eggs/100 mg faecal matter) in Group A (thin continuous 

line ), B (thick continuous line) and C (dashed line) 

mice given a primary infection of 40 s. mansoni cercar­

iae over a two week interval (A and B) and a challenge 

(arrow) of 200 cercariae 8 weeks after the first of the 

primaries (Band C), according to the pl"'Otocol given 

for a different set of similarly infected experimental 

mice in the Legend to Table II. 

(b) The mean number of eggs/100 mg faecal matter found in 

the mice of GI'Oup A, Figure la, has been subtracted fI'Om 

the faecal egg count in GI'Oup Band the Log10 transform­

, ed result plotted ( contfr:u.,us line) relative to the 

GI'Oup C result ( dashed line). 
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fil{UJ'e 2 

( ) Th survival i course of CBA mice primarily inf c ed 

with 40 S. mansoni cercaria over p 1iod of 2 wee s 

(Groups A and B, see Le nd o Tabl II) nd challeng d 

( rrow , Groups B nd C) wi h 200 ce ia 8 w eks fer 

he firs of the primary infec ions . Group A, p imary 

infection lon , = hick continuous lin; Group B, 

primary inf c ion nd chall nge = thin line; Group C, 

challenge lon = dashed line. 

(b) The mortality r te of the 11 mice in Group B, Figure 2 , 

which were alive on the day on which the first challenge 

control mouse died, has been replotted (thin line) wi th 

respect to the challenge control Group from Figure 2 

(dashes). 
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Figure 3 

Figure 4 

CBA mice were given three percutaneous primary infect­

ions of 25, 35 and 35 S. mansoni cercariae respective ly , 

each infection separated by one week, and both they and 

age - and sex-matched uninfected control mice were chal­

lenged wi th 500 homologous cercariae 8 weeks after the 

first of the "trickle" primary infections. The total 

number of challenge- derived organisms detected in both 

the l un gs and pe rfuseate of the pr imari ly infected mice 

( t h in line) or cont rol mi ce (thick l ine ) is given in 

Figure 3a. Figures 3b and c respe ctively give the 

number of organisms detected in the lungs and liver per­

fuseates separately. Five primarily infecte d and five 

control mice were assayed at each time point after the 

challenge except on day 21 when only three of the fonner 

animals were available. 

(a) The nlll!lber of mature worlllS perfused at each time point 

fT,om the primarily infected animals depicted in Figure 3. 

(b) The degree of resistance to challenge in th• ori■arily­

infected ani-ls of Figure 3 calculated with respect to 

the total number of lung-borne and perfuseable challenge­

derived, organisms shown in Fi1ure 3a. 

(c) I (d) 'lbe dep-ee of :reei ■tance with :re■pect to luna-bom• and 

perfuaeable orpnl••, calculated f:r,om the re■ul t:■ ai ,,.n 

in Fis-• 3b and c re■pectlftly. 
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Figure 4 

CBA mice were given three percutaneous primary infect­

ions of 25. 35 and 35 S. mansoni cercariae respec tively. 

each infection separated by one week. and both they and 

age- and sex-matched uninfected control mice were chal­

lenged with 500 homologous cercariae 8 w~eks after the 

first of the "trickle" primary infections. The total 

number of challenge-derived organisms detected in both 

the lungs and perfuseate of the primarily infected mice 

(thin line) or control mice (thick line) is given in 

Figure 3a. Figures 3b and c respectively give the 

number of organisms detected in the lungs and liver per­

fuseates separately. Five primarily infected and five 

control mice were assayed at each til!M! point after the 

challenge except on day 21 when only three of the former 

animals were available. 

(a) The number of mature worms perfused at each ti- point 

from the primarily infected animals depicted in Figure 3, 

(b) The degree of resistance to challenp in the primarily­

infected ani-ls of Fiaure 3 calculAted with reapect to 

the total n\alber of luna-borne end perfuaeeble chellenge­

derivad orpni■- PltOlffl in Figure 3a. 

(c) I (d) 'ftle dep-ee of N■i■tence vitb N■pect to luna-bom• end 

perfu■eab1- orpnl■-. calculated hoa the N■ult■ al,,,.n 

iD FiPN■ 3b aDd c N■pNtl'll'■lyo 
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APPENDIX 2. 

Summary of the experimental date from previous 

studies on resistance to reinf ction with 

S. mansoni in the 1110use. 



Notes to Tables A & B. 

l. Interval to challenge is in weeks unless otherwise stated. When 
multiple primary infections were given this interval is from the 
last primary infection (vaccination). 

2. Primary infection worm burden has normally been assessed by per­
fusion of a group of mice which had received the primary infection 
alone. Olivier and Schneidermann (1953) , however , perfused their 
mice 17-35 days post challenge and oould distinguish the older 
worms of the primary infection from the pre-adults of the challeng.! . 

3. Percentage reduction is calculated with reference to the worm re­
coveries from a group of mice that had received the challenge in­
fection but not the primary infection (vaccination ), thus :-

Mean number of M~an numb~r of worms 
worms in challenge - attributable to the challenge 

\ reduction = lOO x control.s ( A) i n previously infected mice 
A 

4 . 'P' values were invar i ab ly cal,:ulated by Student's 't' test. 

5 . Some data a dditional to that published was personally provided by 
the authoress. 

6 . Interval between challen ~e and per f usion. 

7. Interval between repeated exposures. 

B. Positive valuas indicate that the calcul.ated challenge-derived worm 
burdens in superinfected groups were greater than in their challenge 
controls. 

9. Doses of around 3.0 kr and above generally prevented persistence of 
ancy irradiated worms. 

10. Ultr•a-violet radiation was used. Although no data was presented on 
worm burden surviving the radiation it was stated that a small pro­
portion survived as stunted adults. 

I.P. Cercariae given by intra.peritoneal injection. 

S.C. Cercariae given by sl.lbcutaneous injection. 

N,S. Not significant (P >0.05), 

Sign. Significant (P <0.05). 

N,A. Data not available from the published results. 

Refe:re :-, -



2J2 
TABLL~. :.1:~y of cubli~h~d d-:tt:a on r-::5istance to r .. Jnfection with S. hansoni in th!! mol.l!:~ . 

fl.can :i.l.!Jflber 
lnterv~ll to Mean number 

Mouse or cercariae ~e-'!n nuri:ier 
of primary Hean percentage Slgnifi• ~, ren1,;o 

stri!!l.in in pri~ry challen~e of cercariae reduction of cance 
(weeks l) in challenge ln~P.:ction 

challenge 3 IP) 4 

When infection(s) worms 2 

rval is from the so 1 hr so ".A. 7 <0.001 
so l d.oy so H.A. 49 <0,001 

5 50 1 so N.A. 0 H.S. 
Stit~walt NIH so 4 so II.A. 0 H.S. 

assessed by per- (1953) (Cf'W) so 8 50 II.A. 37 <0.001 
primary infection 50 8 so 13.6 65 Sign. 

perfused their 
so • ><> 20.0 93 Sign. r, so 8 so 20.I 93 Sign. 

uish the older (6 w k )6 

ts of the challenge. Gold et al. Swiss 100 21 
(l975T-- 100 23.4 (7 ..,.eka) !f.S. 

re- Sher et al. CJII Small No. 3 75 10 .5 12 >0.0S 

in- (l974i- Parkes l2 75 4 . 9 74 <0.001 
(6 week•) 

Parkes 30·45 l~-15 l2S•l40 "·"· 74 <a.OS 

of worms Sher et al. CBA 30·•5 12·15 125•140 N.A . 67 <o.os 
(l97Si- C3H 30•45 12- 15 125-140 N. A. 92 <o,o5 

to the challenge ( 6 .,.eka) 
lv infected mice Ritch!.e et al . Bagg 35 16 so 10 33 N.S. 

(1963) 25 , .. 10 u 56 •0.002 
(I ""•!!•I 

Mahmoud et a l a CFl 10 ( S .C . l 38 100 .. 69 <0 . 001 
( 19 75a) --- (6 veeks) 

by Hunt•r et al. Swiss 75 • 75 14,8 "l •0.01 (191!>7a) ___ I CR (6 -•lr•l 
2St30 16 360 3.1 n < 0 .001 

Sviaa 20♦25 "1 lll 1.9 11 >O.l 
Ut20t20 29 352 u.o s, >o.05 

Olivier •nd 
112 11 ,,, ,o.o 71 <0,001 

Schneid•rmann A/UI 
25♦30 ll nt ,.1 7t <0,001 

( 1953 ) 50t25 12 239 l1t. 3 " <0,001 

allenge-deri ved wor m 100 ,i 2l9 ..... 92 < 0.001 

in their C571L/ .,5 11 k2 11.5 28 •J.05 an challenge 6JN .. , 7 16 , ... lC.. 3 75 <0.05 
( 2-6 weeks l ( 17- 35 clay o ) 

5J<l.O ... , 50 5 . ~ 25 0.3 

ented persistence of Hunter et al. Cfll 
5xl0 ... , 50 '·" ••• 0.7 

(19111) -- SxlO ... , 50 10.1 Joo 0.2 
C 10-llt days) (I -lr•l 

"xlS IO days 100 u ... u 0 . 1 
presented on .. xl5 ao " 100 u ... "° 0 . 0 2 5 

a smal l p ro- ... u 90 100 u.- 21 0 . 02s 
(10 d.oya) 

31120 0 100 9.1 tl5 0.1 
3x20 IO 100 9.1 -2 0.005 
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Hunter !l...li• IO IO 100 10.1 ♦12 0. 25 
IO ao • 100 10,1 77 0.005 
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3x25 .. IO 11.2 .,.. 0.005 
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3x2S .. 200 11., " 0,005 
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lwiN 21125 .. , . 100 1-.0 0 0 . 75 
sea ... 25 "' 

. 100 :lil,O .,. 0.005 "_, ,, ...... , 
---•~•Cl'lal,/ • .it , UIO "·' IO cO,OI ,.... .. CM,l, I ,....I 

e.ao-11 ca..,., l IO •••• " co,O& 
r=~l n&, llH 

c, __ , 
(CIV) .. .. .. ■.a . ,. co.OD& , 

• uo .... C 0 , 001 

• uo a.o., C 0 , 001 
Frick ~ . 
ClNI 

.. .. 



APPENDIX 3. 

Summary of the experimental data from previous 

studies on resistance following infection of 

mice with radiation-attenuated S. mansoni 

cercariae. 
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APPENDIX 4. 

Preprint of a paper submitted to Parasitology 

comprising collaborative studies on i1TJT1unization 

of sheep against S. mattheei and S. bovis using 

radiation attenuated parasites. 



Further observations on immunisation of oheep 

ag a i nst Schi stosoma matth eei ands. bovis 

using irradiation-attenuated schistosomula of homologous 

and heterologous species 

by Q.D. Bickle, M.G. Taylor, E.R. James, G.S. Nelson, 

1 M.F. Hussein, B.J. Andrews, A. R. Dobinson 

2 T.F. de C, Marshall, Winches Farm Field Station, and 

London School of Hygiene and Tropical Medicine. 

Short (running) title: 

'Immunisation of sheep against schistosomiasis' 

SUMMARY 

Previous experiments have shown that sheep can be protected 

against R
1 

mattheel ors. bovis infection by immunising them 

with irradiated cercariae or schistosomula. In these s. mattheei 

experiments, a laboratory strain of parasite of rather lo,Y 

pathogenicity had been used, throughout. One of the aims of the 

current study was to see whether equally strong protection could 

be demonstrated when a more virulent, freshly isolated s train of 

8
1 

•tthpei was used for the challenge. The duration of resia-

1 Faoaltr of etertaarr lot nee, UatveraitJ of Khartoua 

2 Tropical SpU•iolosi Unit. L.S.H.T.N. 
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tance was also investigated, by challengin~ ~heep over a year 

after the last vaccination. The results were assessed by 

bodyweight-gains, worm and egg counts, and histopathology. It 

was found that the vaccine was highly effective against the 

virulent strain, and that protection lasted over a year. As 

there was no evidence that the irradiated parasites were able 

to persist this long, it was concluded that the vaccine had 

induced a 'sterile' resistance. An experiment was also 

carried out on heterologous immunisation, to determine whether 

the s . mattheei vaccine could protect sheep against challenge 

with the sibling species S. bovis, but little evidence of 

protection was demonstrated. Finally, an attempt was made to 

protect sheep a.. .inst S. mattheei infection by prior immuni­

sation with irradiated S. mansoni schistosomula. The results 

again showed that much lower levels of protection were 

obtained when an heterologous system was used. 

INTRODUCTION 

In previous experiments sheep were protected against the 

most severe manifestations of subsequent S. mattheei 

infections :following immunisation with irradiated S. mattbeei 

cercariae or schistosomula (Taylor, James, Nelson, Bickle, 

Dunne and Webbe, 1976), and similar protection has been pro­

duced against s. bovis after immunisation with irradiatec1 L 
~ cercariae or ecbistosomula (Hussein and Bushara, 1978: 

Taylor, James, Bickle, Hussein, Andrews, Dobinaon and Nelson, 

1978). Protection waa shown to last at loast 37 weeks in the 

caae o:f s. bovls (Hucsein and Rushara, 1878) hut the duration 

of protoct~an against 8, matthr.ei was not invcRtlcatcd; thla 
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was therefore one of the objectives of tho present study. 'l'wo 

different irradiation doses were used for the vaccines; 6 krad 

as in the previous study (Taylor £! al., 1976) but also a 

lower dose ( 2. 7 krad) which was expected, on the basis of work 

in mice, to result in the establishment of long-lived sterile 

adult worms, and perhaps therefore a more durable resistance. 

In the earlier S. mattheei experiments the strain of para­

site used both for vaccinations and challenges was of low 

pathogenicity for sheep, having been attenuated by repeated 

passages in hamsters (Taylor, James, Nelson, Bickle, Dunne, 

Dobinson, Dargie, Berry and Hussein, 1977). Sheep chronically 

infected with normal (non-irradiated) parasites of this attenu­

ated strain showed few signs of dii;,ease (Dargie, Berry, Holmes, 

Taylor, James and Nelson, 1977) but nevertheless had consi­

derable resistance against a challenge with cercariae of a 

highly virulent strain (Dargie, Berry, Holmes, Reid, Bree~e, 

Taylor, James and Nelson, 1977). In the present experiment we 

investigated whether similar protection against challenge with 

the virulent strain could be obtained when irradiated, rather 

than normal parasites of the attenuated strain were employed 

for the immunisations. 

Twu studies on heterologous vaccination are also reported 

here. In the first of these, we have investigated the question 

of whether vaccination of sheep with irradiated S. mattheoi 

echistosomula provides any crose-protection against S. bovis ,. 

tho other import~nt schistosome parasite of domestic animals 

in A~rica. Secondly, we wanted to see whether irradl~ted 

vaccination with the readily available larvae of s. ■aneoni 
would protect ahoop asainat s. matthoei. Effective hotorologoue 
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resistance occurs betwuen many different species of non­

irradiated schistosomes in several dlffcrent types of experi­

mental host, including sheep and cattle (Hussein, Saeed and 

Nelson, 1970; Massoud and Nelson, 1972; Preston, Nelson and 

Saeed, 1972) but cross-protection experiments using 

irradiated larvae have not been reported. In this experiment 

we included a highly-irradiated vaccine group (20 krad) as 

well as a group given a vaccine irradiated at a level (2,3 

krad) designed to give rise to irradiation-sterilised adult 

worms. It has been reported that, in mice, highly irradiated 

S, mansoni vaccines can induce higher levels of protection 

than vaccines irradiated at near the minimum dose level 

required for parasite sterilisation (Minard, Dean, Jacobson, 

Vannier and J.furrell, 1978). 

MATERIALS AND METHODS 

Parasites and snails 

The attenuated strain of S. mattheei used for the vaccina­

tions was originally isolated from snails collected at 

Komatipoort, South Africa in 1957 and maintained in South 

Africa tor two years in mice and then in Mastomys natalcnsis 

(Pitchford, personal canmunication). We were sent infected 

snails by Dr. Pitchford in 1973 and subsequently passaged the 

strain in hamsters and Dulinus globosus snails fran Nclspruit, 

The s. mattheei challenges were carried out with cercarlae 

shed by Bulinus 1lobopp aeat to us by Dr. Pitchford in 

January. 1977 which had been infected with miracidia derived 

fran naturally-infected cattle (Pitchford, porsonal communi­

cation). 
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The cercariae of S, bovis used were shed by B. truncnlus 

collected from Ed Ducm, a town in the White Nile Province of 

the Sudan. These snails had been screened to eliminate 

already-parasitised snails and then infected in the laboratory 

with S. bovis miracidiaobtained from experimentally-infected 

c~lves i n Khartoum. 

The strain of ~_m~nsoni used was originally isolated from 

a patient in Puerto Rico and has been maintained at Winches 

Farm since 1964 in mice and hamsters. 

Forty-eight five months old Border Leicester x Suffolk 

wethers were obtained commercially, given anthelmintic treat­

ment and vaccinated against clostridial diseases and foot rot. 

Throughout the experiment they were maintajned outdoors at 

Winches Farm, St. Albans, on grass with supplementary concen­

trates. 

Par11sitologica.l techniques 

The method used for production of schistosomula is des­

cribed by James and Taylor (1976). Techniques for irradiation, 

for infection of the sheep and ror worm and egg counts were 

thoso of Taylor .!.!_ .!!•, (1976). 

Plan of F.xoeriments 

The lambs wero 1rouped and vaccinated as follows: 

Broup 1: vaccinated with 40,000 6 krad irradiated!!.:. 

mattheoi schistosomula produced by syrin1e 

transformation and injected intramuscularly in 

f• doe ■iven "or a ft• -aontb rtod; 
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g r ou p 2: as a b ov e, but wi th 30 , 000 2,7 krad i r radiated 

schistosomula; 

aroup 3: vaccinated with 40,000 2.3 krad irradiated S~ man-

group 4: 

~ s chistos omula, given by intramuscular 

injections, in four weekly doses of 10,000; 

as for group 3 above, but with 20 krad irra­

diated schistosomula; 

group 5: non-vaccinated, S. mattheci "challenged controls"; 

group 6: non-vaccinated, S . bovis "challenged controls"; 

group 7 : uninfect ~d controls (experiment 2). 

RESULTS 

Experiment 1: Duration of resistance to s. mattheei !£.!::. 

lowing homologo u s vaccination 

2 -11 

Eight sheep fran group (1), eight from group (2) and five 

from group (3) were challenged with 3,400 normals. mattheei 

cercariae each, applied percutaneously, 55 weeks after the 

last vaccination. The sheep were weighed weekly after chal ­

lenge and faecal egg counts were performed four times after 

challenge on faece■ taken tran the rectum. The ■beep were 

necropsied 15 weeks after challenge. 

Results 

Between weeks 5 and 15 after challenge infection, the sheep 

vaccinated with the 8 krad-1rradiated schistosomula gained in 

bodyweight by 15~ and with the 2,7 krad schistoaanula the 

wei1 ht gain was similar ( 1~) , whereas the controls lost weight 

(see Figure 1), Analysis of varianco showed that the differences 

botween tbe 1sbt a•1•• o~ tbe aoo1aated and aon- v oal no.ted 
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she ep are sjgnif icant (p <O .001). There were also significant 

reductions in the worm counts and tissue and faecal egg counts 

(p (0.001), as shown in Table 1. 

Uistopathological studies showed that most of the vacci­

nated sheep had very small, fibrous granulomas in their livers 

and generally reduced hepatic lesions compared with the non­

vaccinated controls. However, in about a third of the vacci­

nated sheep, and in one of the controls, there was a massive 

periportal eosinophilic reaction with the development of large, 

eosinophilic, necrotic nodules sometimes around old granulomas 

already in the fibrotic stage. The sheep showed severe 

vascular lesions even when hardly any eggs occurred in the 

sections. 

On the other hand, despite some variation in the intensity 

o.f pathological reactions seen in different parts of the bowel 

from the same animal, all the vaccinated sheep showed con­

siderably milder and fewer granulornas and eggs both in the 

small and large intestines, and hence much fewer inflammatory, 

destructive, or hyperplastic lesions than the controls. 

In all groups, the granulomas varied from the ordinary 

giant-coliad and fibroid types to highly eosinophilic, exuda­

tivo or necrotic types and were almost confined to the mucosa, 

except in non-vaccinated sheep where they also occurred in 

other layers of the intestinal wall. In the latter animals, 

too, an important feature was the presence of numerous intact 

c~gs, often without reaction, in the intestines; this was a 

raro finding in the vaccinated sheep. Lesions in the kidneys 

and sploon wore alight and similar in tho two groups of sbeop 

while pulmonary involvcmont wae more rroquont in tho non­

vaccinated controls. 
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Experiment 2: Sheep vnccinn.t0d withs. matthcci and chal­

leng~d withs. bovis 

2 ,J :J 

Seven group (1) sheep and seven group (2) sheep were chal­

l~nged with 4,400 S. bovis cercariae 86 weeks after the last 

vaccination, along with five group (6) controls, and three 

uninfected controls (group 7) were also included in this 

experiment. Faecal egg counts, packed cell volumes and body­

weights were determined weekly and the sheep were necropsied 

15 weeks after challenge. 

Rcsul ts 

Bodyweight measurements showed no evidence of protection 

in this experiment and packed ce11 volume determinations 

showed that all the experimental groups did equally poorly 

compared with the uninfected controls (Figure 2). Faecal egg 

counts are shown in Table 2. The average logarithmic counts, 

taken over the 6 to 8 determinations for each sheep,show a 

statistically significant difference between controls Rnd 

vaccinated animals (p <0.05) but none between the two vacci­

nation treatments. Worm and egg counts showed no statistically 

significant evidence of resistance. 

Experiment 3: 8hoep vaccinnted with s. mansoni and chal­

len~cd withs. mattheei 

Four sheep from group (3) and four fran group (4) were 

challenged nino weeks a~tcr the last dose of vaccine with 3,400 

normals. mattheel cercariae, employing tho snme challenged 

controls as in Experiment 1. Faecal egg counts and woigbiasa 

wore carried out four timoa and the sheep wnrc necropsicd 11 

weo1u1 after challnn1e. 
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Resu lts 

Bodyweight gains of 4% with the 2,3 krad vacc i ne and 9% 

with the 20 krad vaccine were record e d, whereas the non­

vaccinated 'challenged controls' lost weight by 2% (Figure 1). 

These differences between vaccinated and non-vaccinated sheep 

were statistically significant (p <.0 .05). No significant 

differences were found between the worm or egg counts (Table 

1). 

DISCUSSION 

The first experiment showed that the irradiated S. mattheei 

vaccine provided good protection against a virulent strain of 

S . mattheei recently isolated from the field as well as 

against our more benign laboratory strain. This protection 

lasted for at least one year in the absence of re-exposure 

within that time and was at a level comparable to that demon­

strated when challenge took place 2 to 4 weeks after the las t 

vaccination (Taylor il ,!;!., 1976). Protection was demonstrated 

by worm and tissue egg counts, histopathology, and weight gain 

studies. This suggests that the vaccine might confer economic 

benefits i.1 enzoot le areas. These results arc also of 

theoretical interest because they strongly suggest that th i■ 

irradiated vaccine produces a "sterile inmuni ty" . It ■Oelll■ 

highly unlikely that any of the O krad irradiated orRanisms could 

have survived the full year before the sheep were challenged. 

In fact no typical irradiation-deformed worms were recovered 

fran any of the vncclnatod sheep, and in a previous Rtudy no 

worms were rocovnred h·om rriico' lnfcctod perrutaneou■lr wltb 8 

krad-1rrad1 t od caroariao ~nd perfused I k■ lat r (T ylor, 197G) . 
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Immunization with either mi nimally or highly irradiate d 

hcterologous 8 . mansoni schistosomula was not as e ffective as 

th e homolo:;ous vaccine. A similar result was obtained when we 

used normal, unirradiated S . man s o n i cercariae previously in 

sheep as a vaccine against S. mattheei (Taylor ~ tl·, 1976), 

al thOUGh previous worlters had been able to demonstrate some 

heterologous resistance when a much longer period was allowed 

to lapse between immunisation and challenge.(Preston £! .!!_., 

1972). Neither did vaccination with irradiated S. mattheei 

schistosomula induce a high level of protection ago.ins t§..:. 

~ challenge, These results suggest that a speci es­

s pecific irrndlated vaccine might be necessary to control 

domestic animal schistosomiasis in Africa. 
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TABLE 1 

~om and !JI counts in sheep vaccinnted r1ith either irradintcd S. ma t t heci schistosomuJ.a (E>.pcr iment 1) 

or 1rrad1ated S. mansoni scbistosomula _lE,~ periment 3) and challenged with normal S. matthcei ccrcarin£= . 

Experiment 1 Exper iment 3 

No 4,000 6 krad 30,000 2.7 krad 40,000 2.3 krad 40,000 20 krad 
Vaccine S. mattbeei S. mattheci S. mansoot S. mansooi 

1301 112 750 273 632 1455 1798 
IadiYidlaal 1583 117 1042 451 882 1393 1382 
wora 1767 320 1487 475 1600 1953 1663 
reccwer1• 1858 327 507 2055 1875 

· 1905 554 543 -- - -- --
uu 1882 589 670 1714 1434 

S red'n c.f. 
controls - 65 60 0 15 

b diVidual 19113 1857 9608 5421 8872 15307 32084 
tissue eaa 27732 1705 23912 13389 18701 16304 17598 
couatg 32347 2101 16501 3368 31465 27110 17103 
a 10- 1981' 3031 3397 23760 20678 

~ 7071 4231 
J - -- -- --

116aJI 24304 8223 11105 20620 21866 

I r ed'a - 66 54 15 10 
IDdiVidual 20 3 8 8 5 91 28 
aeu 152 3 29 18 13 8 30 
faecal ea 19 2 33 13 15 44 21 
CCX.Dt 51 9 2 47 52 
( e .p.1.) 66 16 15 - - - -
1tean 62 13 11 48 33 

S red'n - 79 82 23 47 

N 
,:.. 
Ol 
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TABLE 2 

Pnecal cng counts (e.p-~.) in sheep vaccinated with irradiated 

S . mattheei schistosomula and chall enged withs. bovis (Exper iment 

2). The me ans of eight determinations b etween days -16 and 102 

cost-challenge are shown 

s. mattheei vaccine Challenged 

6 krad 2.7 krad controlG 
. . .. . . 

. 
Mean counts 25.4 7.9 6.4 32.5 57.l 32.2 

from individual 19.4 16.6 54.4 64.l 37.8 39.4 

sheep 6.7 37.l 47.6 10.0 65.7 

44.6 6.8 

Overall mean 22.5 31.7 46.4 

" reduction 52$ 32$ -
. .. 
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TABLE 3 

Worm rn.r.ov ertcs and tiss11 i n s heco v acc nn t e d 

with ir r ndia tcd S. mat t h eei schi stosomula and chall enged with 

S. bovis (Experiment 2) 

Worn. TISSUE EGG COUNTS (e~p.g.) 

Recovery Liver Small Large . 
Intes tine Intestine 

1312 1314.6 6380 . 2 2286.4 
1046 370.9 7843.3 4798. 7 

6 krad 613 17:L4 6799.3 1678.8 
S . mattheei 631 382 . 1 4141.6 ~943.4 

vacci.ne 397 367.0 3817.1 1663.0 
282 253,5 4139. ~ 2087.4 
840 2804.5 9501.5 3009.8 

mean 731.6 809.4 6088.9 2638 . 2 

% red 'n 30 0 26 6 

283 226.6 1678.2 829.5 
455 715.6 10083.4 4013.7 

2.7 krad - 705.2 4417.5 3420.5, 
S . mu.tthoci 180 247.7 2219.1 968.2 

vaccine 448 327. 2 5258.4 2047.4 
1536 213.8 6328.8 2672.1 

553 157,9 8039.0 4088.7 

mean 575.8 370.6 5432.1 2577.2 

% red 'n 45 45 34 10 

1380 491.3 8474.7 4647.6 

Chn.llenged 626 621.2 12466,1 1883.3 
828 1203.2 4856,3 2103.B 

controls 1343 695.0 7427.8 3316.3 
1261 371.8 7827.1 2304.0 

mean 1047 .6 676.5 8210.4 2851.0 
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CAPTIONS FOil l•'lGUHES 

Fir!urc 1 

nodyweight gains in sheep vaccinated with either irradiated 

s. m:lttheci schistosomula (Experiment 1) or irradiated S. mansoni 

schistosomula (Experiment 3) and challenged wi. th normal ~ 

mattheei cercariae. 

1''igure 2 

Packed cell volumes in sheep vaccinated with irradiated ~.:. 

mattheei schistosomula and challenged withs. bovis (Experiment 2) 



Figure 1. 

90 

80 

'a; 
~ 

I-
:I: 
C) 
iii 

~ 
~ 70 

60 

/ 
~--, I 

••• ', I 
,... ' I 
\ ··.. ...., 
\ ··... . \ ·-o·· 

\ I 
I 

I 
\ I 
' I \ I 
\j 

I 
/ 

I 

6 I 10 

I 
I 

I 
I 

I 
r---.J 

/ 

1-- ~ I ___ , 
I 

I 

···.... .D 
.. o··· 

2. 3 Kr. S. mans. (cxpr. 3) 

6 Kr. S. molt. (expr. 1) 

2.7 Kr. S. molt. (oxpr. 1) 

CHALLENGED 
CONTROLS 

12 14 I 5 WEEKS POST CHALLENGE 



Figure 2. 

P.C. V. (%) 

'10 

38 

37 

36 

35 

33 

32 

I 
2 

, ... -. , 
\ 
\ 
\ 

I 
I 

I 
I 

I 
I 

t, I 
I , I 
I \ I 
I \ 

/ \ ' 
I \ / I 

I ',, I 

uninfected con rols 

I , I 
I 'I 

,--' 

\ I 
\ I 
V 

I\ 
I \ 

I \ 
I \ 

I 2.1 kr. 

/ 
I 
I 

I 
I 

vocc. 

chollongcd conlrols 

6 kt . vocc. 

I 
I 

I I I 

4 6 I 10 12 
WEEKS POST CHALLENGE 

I 

14 
i 

16 



2 :, 2 

HEFEflENCES 

DARGIE, J.D., DERHY, C.I., HOLMES, P.ll., TAYLOR, M.G., JAM ES, E.R. & 

NELSON, G.S. (1977). Stud ies on the pathoge nesi s of a f;train of 

Sch..!_sto~ mattheci ma:..ntaincd in hamsters. Journal of 

F Plminthology gJ. , 177-178. 

DARGIE, J.D., BERRY, C.I., HOLMES, P.H., REID, J.F.S., BREEZE, R., 

TAYLOR, M.G., JAMES, E.R. & NELSON, G.S. (1977). Immunisation of 

sheep against a virulent strain of Schistosoma mattheei using a 

strain of s . matthe e i attenuated by hamster passage. Journal of 

J-l e lmj ntholog y 57, 347-357. 

HUSSEIN, N.F. & BUSHARA, H.O. (1976). Investigations on the develop­

ment of an irradiated vaccine for animal schistosomiasis. In 

Nuclear Techniques in Animal Production and Health, pp. 421-431. 

International Atanic Energy Agency, Vienna . 

IIDSSEIN, M.F., SAEED, A.A. & NELSON G.S. (1970). Studies on hetero­

logous i111T1unity in schistosomiasis. 4. Heterologous schistosome 

immunity in cattle. Bulietin o f the World Health Organization !.~ • 

745-749. 

JAMES, E.R. & TAYLOR, M.G. (1976). Transformation of cercariae to 

schistosomula: a quantitative comparison of transfonnat i on tecn­

niques and of infectivity by different injection routes of the 

organisms produced, Journal of Helminthology 50, 223-233. -
MASSOUD, J. • NELSON, G.S. (1972). Studies on hetcrologoue inmuni ty 

in ochistoeomiasis. a. Observations on cross-i1Dnunity to 

Ornl t.hobil~o.r:,;i11 turkcstanicum, Schietosomo. ~. 8, ID n ont a nd 

s, ha Anatobium ln mice, sheep 11nd Catt.lo in Iran. DullotiD of the 

\f9 rld Hoo.1th Ormtni?.11tion ~ • 501-600, 



,.,n:J\HD, P., D",'\N , D.A . , ,JJ\C0US0N, n.n., VJ\NN IER, W.E. & MUfiHELL, K. D . 

( 1078). I mmu ni s ation of mice with cobalt-GO i rr adi a ted Sc:hi.stosomn 

mansoni ccrcariae. Amer ican J nurnal of Tropical M~d ici n c nnd 

!!,~i e ne 27, 76-86. 

P RESTON, J.M., NELSON, G.S. & SAEED, A.A. ( 1 97 2 ) . Studies on hetero­

logous iuvnunity in schistosomiasis. 5. Iletcrologous schistoso'™7 

immunity in sheep. Bulletin of the World Health Organization ,g, 
587-590. 

TAYLOR, M.G. (1975). Towards the development of a live vaccine for 

schistosomiasis. In Nuclear techniQucs in hel!n intho l ogy research 

pp. 165-173. International Atomic Energy Agency, Vienna. 

TAYLOR, M. G ., JAMES, E . R ., NELSON, G.S., BICKLE, Q.D., DUNNE, D.\Y. &: 

WEBBB, G. (1976) . Immunisation of sheep against Schistosoma ~.::. 

~.!. using either irradiated cercariae or irradiated schistosomula • 

..TonT-nal of Ho1minthology ~• 1-9. 

·rAYLOR, M.G., JAMES, E.R ., NELSON, G.S., BICKLE, Q., DUNNE, n.w., 
DODINS0N, A.R., DARGIE, J,D,, BERRY , C.I. • HUSSEIN, t.1,F. (1977). 

Modification of the pathogenicity of ~chis~osoma mattheci for 

sheep by passage of the parasite in hamsters. Journal of 

Fe1minthology 57, 337-345, 

TAYLOR, M.a . • JAMES , E . R., BICKLE, Q.D., HUSSEIN, M.F. ; ANDR•:ws, 

D,J., DOBINSON , A,R. • NELSON 0.8. (1978). Immunisation of sheop 

against Schistosoma bov1s using an irradiated schistosomular 

vaccine, Journal nt' llclminthology ~ • (in press) . 



nu:s1s REFERENCES 



REFERENCES 

AMBROISE-TI-IOMAS. P. and ANDREWS. P. (1976) Development of fluorescent 

antibodies directed against larval stages. eggs and adults of 

s~histosoma mansoni in mice harbouring unisexual or bisexual in­

fections. Z. Tropenmed. Parasit. ~. 483-488. 

AMIN . M.A. and NELSON, G.S. (1969) Studies on heterologous illlllunity 

in schistosomiasis. 3. Further observations on heterologous 

immunity in mice. Bull. Wld. Hlth. Org. 41, 225-232. 

ANDRADE. Z.A. and WARREii, K.S. (1964) Mild prolonged schistosomiasis 

in mice: Alterations in host response with time and the develop­

ment of portal fibrosis. Trans. R. Soc. trop. Med. Hyg. ~• 
53-57, 

ANT~'NES, L.J., REIS, A.P., PELLEGRINO, J., TAVARES, C.A. and KATZ, N. 

(1971) Immunoglobulins in human schistosomiasis mansoni , J . 

Parasit, 12_, 539-542, 

BOUT, D,, DUPA, S,H., CARLIER, Y., AFCHAIN, D. and CAPRON, A. (1977) 

Protection of mice against Schistosoma mansoni with B,C,G. 

I.R.C.S. Medical Science: Inununology and Allergy; Microbiology, 

Parasitology and Infectious Diseases; Pharmacology. ~• 47- 50. 

BRADLEY, D.J. and HcCULLOUGH, F.S. (1973) Egg output and the epidem­

iology of Schi•tosoma haematobium. II. An analysis of the epidem­

iology of endemic S. haematobium. Trans. R. Soc, trop. Med. Hyg. 

£, 491-500. 

BRINK, L.H., McLAREN, D.J, 1 SMI'l1fERS, S.R. (1977) Schistosoma 

11111n■oni: A comparative ■ tudy of artificially transf~d 

schi■tosollUl& recovered after cercarial penetration of i■olated 

akin. Parasitology. E, 73-86. 



BRUIJNING, C.F .A. (1965) The fluorescent antibody test for schisto­

somi as i s in experimentally infected mice. Trop. geogr. Med. 

!7.. 325-328. 

BUCHANAN , R. D . • FINE. D.P. and COLLEY , D.G. ( 19 73) Schistosoma 

mansoni i nfection in mice depleted of thymus-dependent lympho­

cytes. I I. Pathology and altered pathogenesis . Am. J. Path . 

71. 207-2H . 

BUTTERWO RTii . A.E. , STURROCK, R. F. HOUBA , V. and REES , P. H. ( 1974 ) 

Antibody-dependant cell- mediated damage to schistosomula in vitro. 

Nature, Lond . 252 , 503-505 . 

BUTTERWORTH, A.E .• STURROCK, R.r .• HOUBA, A.V., MAHMOUD. A.A.r .• SHER, 

A. and REES. P.H. (1975) Eosinophils a s mediators of antibody­

dependant damage to schistosomula. Nat ure. Lond. 256, 727-729 . 

BUTTERWORTH, A.E., DAVID, J.R •• FRANKS, D,, MAHMOUD, A,A,F,, DAVID, 

P . H., STURROCK, R.F. and HOUBA, J. (1977) Antibody-dependant 

eosinophil-mediated damage to 51cr-labelled schistosomula of 

s ~histosoma mansoni: damage by purifie~ eosinophils. J. Expl. 

Med. ~• 136-149. 

CAMPBELL, W.C. (1963) Attempts to demonstrate immunity to Schistosoma 

mansoni iu ,oice previcu::ly subjected to chemically abbreviated 

infections. J. Parasit. ~• 824-829. 

CAPRON, A,, BIGUET1 J. 1 ROSE, F, and VERNES, A, (1965) Les antig~nes 

de Schi■toaoaa 11111nsonl. II. Etude irmnunoelectrophoretlque 

companee de divers stade l&rvaires et des adultes de deux sexes, 

Aspects lmmunologiques des relations hote-parasite de la cercdire 

et de 1 1adulte de S. man■oni. Annls, Inst, Pasteur. Paris • .!Q!, 

789-810, 

CAPRON. A,• CAPRON 1 M, • CAMUS 1 D, and VERNES, A, (1973) Hypersenai­

'tiYity in h11811n ■chl■to■ollia■l■ , II ... 'la vitro study of lethal 

actirity of patient ■-z-a on Scbi■to■o- •n■oni ■chl■to■omula • 
• .., ta, ,_., Mal, 3,!. 1079-lOSlo, 



CHEEVER, A.W. (1965) A comparison of Schistosoma mansoni infec tions 

in mice , gerbils, multimammate rats and hamsters. I. The r e lation 

of portal hypertension to size of hepatic granulomas. Am. J. 

trop. Med. Hyg. ~. 211-226. 

CHEEVER, A.W. (1968a) A quantitative post-mortem study of schisto­

somiasis mansoni in man. Am. J. trop. Med. Hyg . 17_, 38-64 . 

CHEEVER, A.W. (1968b ) Conditions affecting the accuracy of potassium 

hydroxide digestion techniques for counting Schistosoma mansoni 

eggs in tissue. Bull, Wld. Hlth. Org. ~ • 328-331. 

CHEEVER, A.W. (1969) Quantitative comparison of the intensity of 

s~histosoma mansoni infections in man and experimental animals. 

Trans. R. Soc. trop. Med. Hyg. 63, 781-795. 

CHEEVER, A.W. and DWALL, R.H. (1971~) Single and r•epeated infections 

of grivet monkeys with Schistosoma mansoni: Parasitological and 

pathological observations over a 31-month period. Am. J. trop. 

Med. Hyg. 23, 884-894. 

CHEEVER, A.W. and POWERS, K.G. (1969) Schistosoma mansoni infection 

in rhesus monkeys: changes in egg production and egg distribution 

in prolonged infections in intact and splenectomized m:>nkeys. 

Ann. trap. Med. Parasit. ~. 83-93. 

CHEEVER, A.W. and POWERS, K.G. (1972) Schistosollll!I aanaoni infection 

in rhesus monkeys: comp11rison of the course of heavy and light 

infections. Bull. Wld. Hlth. Org. 46, 301-309. 

CHEEVER, A.w., DEWITT, w.e. and WARREN, K.S. (1965) --~t•d infect­

ion and treatment of mice with Schiatoaoma mansoni: functional, 

anatomic and innunolo1ic observations. Am. J. trap, Med, Hyg. 

,!!. 239-253, 

CLARKE, V. a v. (.1966) Evidence of th• development in -n of acquired 

Nal■tanoe to in~ctlon of Sc:hl■to■oM •PP• C.ntr. Ah, J , Mad. 

1a,. 1-3. 



CLEGG , J.A. (1965) In vitro cultivation of Schistosoma mansoni. 

Expl. Parasit . 16, 133-147. 

CLEGG, J.A. and SMITHERS, S.R. (1968) Death of schistosome cercariae 

during penetration of the skin. II. Penetration of mammalian 

skin by Schistosoma mansoni. Parasitology, 2!, 111-128. 

CLEGG, J .A. and SMITHERS, S.R. (1972) The effects of immune rhesus 

monkey serUJD on schistosomula of Schistosoma mansoni during 

cultivation in vitro. Int. J. Parasit. 1_, 79-98. 

CLEGG, J.A. and SMITHERS, S.R. (1976) Unpublished - In "Immunity to 

trematode infections" (Smithers, S.R.) - In "Immunology of para­

sitic infections" (Ed. Cohen, E. and Sadun, E.H.) 296-332. 

Blackwell Scientific Publications. 

COLLEY, D.G. and WIKEL, S.K. (1974) Schistosoma mansoni: Simplified 

method for the production of schistosomula. Expl. Parasit. ~• 

44-51. 

COLLEY, D.G., MAGALHAES-FILHO, A. and COELHO, R.B. (1972) Immuno­

pathology of dermal reactions induced by Schistosoma mansoni cer­

cariae and cercarial extract. Amer. J. trop. Med. Hyg • .!!_, 

558-568. 

COOK, J.A., WARREN, K.S. an~ JORDAN, P. (1972) Passive transfer of 

immunity in human Schistosomiasis mansoni: attempt to prevent 

infection by repeated injections of hyperimmune anti-schistosome 

gamma globulin. Trens. R. Soc. trop. Med. Hyg. ~• 777-780. 

COOK, J.A. • WOODSTOCK, L. and JORDAN, P. (1974) Two-year fol.low up 

of hycanthone tz-e.eted Schistosoma mansoni patients in St. Lucia. 

Am. J. trop. Med. Hya. ll• 91.0-914. 

DAMIAN, R.T., GREENE, lf.D. and nTZGERALD, K, (1972) Schiatosomiaais 

mnaoni in baboons. 1be effect of awpoal transfer of adult 

!!Nf-- aanaoni upon .......... , 01,.u ... lafeetlon. •• J. 

trop. MIid. Hy1, Jl., 151-958. 

2~8 



DAMIAN, R.T., GREEN, N.D. and FITZGERALD, K, (197••) Schistosomiasis 

mansoni in baboons. II. Acquisition of immunity to challenge 

infection after repeated small exposures to cercariae of Schisto­

soma mansoni. Am. J. trap. Med. Hyg., 23, 78-80. 

DAMIAN , R.T., GREEN, N.D., MEYER, K.F., CHEEVER, A.W., HUBBARD, W.J., 

HAWES, M.E. and CLARK, J.D. (1976) Schistosoma mansoni in 

baboons. III. The course and characteristics of infection with 

additional observations on immunity. Arn. J. trop. Med. Hyg . .!.~• 
299-306. 

DARGIE, J.D., BERRY, C.T., HOLMES, P.H., DEID, J.F.S., BREEZE, R., 

TAYLOR, M.G., JAMES, E.R. and NELSON, G.S. (1977) Immunization 

of sheep against a virulent strain of Schistosoma mattheei using 

a strain of S. mattheei attenuated by hamster passage. J, Helm. 

_g_. 347-357. 

DA SILVA, L.C. and FERRI, R.G. (1968) Schistosoma mansoni homogenate 

for active immunization of mice. Am. J. trap. Med. Hyg. 17, 

369-371. 

DESSAINT, J.P., CAPRON, M., BOUT, D. and CAPRON, A. (1975) Quantita­

tive determination of specific IgE antibodies to schistosome anti­

gens and serum IgE levels in patients with schistosomiasis (S. 

mansoni ors. haematobium). Clin. exp. Immun. 1£• 427-436. 

DeWITT, W.B. and WARREN, K.S. (19S9) Hepato-splenic schistosomiasis 

in mice. Am. J. trop, Med. Hyg. !• 44~-446. 

ERASMUS, D.A, (1973) A comparative study of the reproductive system 

of mature 1 immature and 'unisexual' female Schistosoma mansoni. 

Parasitology. !1• 16S-183, 

ERICKSON 1 D.G. (1965) '111• fate of pmma-irradiated Schistoso11111 inansoni 

cucariae in mies. Am. J. trop, Med. HYI• ,!!, 574-171, 



ERICKSON, D.G. and CALI1'i'ELL, W.L. (1965 ) Acquired resistance in mice 

and rats after exposure to gamma-irradiated cercariae. Amer. J. 

trop. Med. Hyg. 14, 566-573. 

EVELAND, L.K., HSU, S.Y.Li. and ~SU, H.F. (1969) Cross immunity of 

Schistosoma japonicum, S. mansoni and S. bovis in rhesus monkeys. 

J. Parasit. ~. 279-303. 

2GO 

FAUVE, R.M. and DODIN, A. (1976) Influence d'une reaction inflammataire 

provoquee par le B.C.G. ou par un irritant no diodegr-edable sur 

la resistance des soures a la bilharziose. Comptes Rend us. 282, 

131-134. 

FESTING, M.F. (1972) Mouse strain identification. Nature, Land. 

~. 351-352. 

FOSTER, R. and BROOMFIELD, K.E. (1971) Preliminary studies on the 

development of Schistosoma mansoni in rhesus monkeys following 

different regimens of infection. Ann. trop. Med. Parasi t. ~. 

367-3811. 

FREEHAH 1 T. 1 SMITIIERS, S.R. TARGETT. G.A.T. and WALKER. P.J. (1970) 

Specificity of il!llllunolobulin G. in rhesus monkeys infected with 

Schistosoma mansoni 1 Plasnpdium knowlesi and Trypanosoma brucei. 

J. Infect. Dis. ill• 401-1106. 

FRICK. L.R., RITCHIE. L.s •• KNIGHT. W.B. and TAUBR. J.H. (1965) 

Enhancement of acquired resistance against Schistosoma mansoni in 

albino mice by lntraperl toneal i111Dunizing exposures. J. Paras! t. 

~- 230-234. 

GERSHON. R.K., CARTER, ll.L. and KHODO• lC. ( 1967) On concomittant 

hnunlty in t~l.ll'-bearin& hamsters. Nature, Lond. fil, 1571t-15715. 

GOLD, D. and LENGY, J. (l.975) Failure to l11111unize alee aplnat 
f!M11:Pao- aanaonl by tblll'apeutic eradication of the adult worm 

bUl'den. Ann, tl'Op. Med. P&N■lt. !!• 2155-266. 



HILLYER, G.Y. (1969) Immunoprecipitins in Schistosoma mansoni in­

fections. IV. Human Infections. Expl. Parasit. 25_, 3?6-381. 

HILLYER, G.Y. and FRICK, L.P . (196?) Immunoprecipitins in Schisto­

soma manson i infections. Expl. Parasit. 20, 321-325. 

HILLYER, G.V., De DIAZ, A.L. and GARCIA-BLANCO, M. (19?5) A new 

approach to the study of illDllunity to schistosomes. Bol. Asoc. 

Med. Puerto Rico, ~ . 381-385. 

HOCKLEY, D.S. and McLAREN, D.J. (1973) Schistosoma mansoni: Changes 

in the outer membrane of the tegU'llent during development from 

cercaria to adult worm. Int. J. P~rasit . ! , 13-25. 

HSU, H.F., HSU, S. Y .Li and Osborne, J.W. (1962) IIIDllunization against 

S. iaponicum in rhesus monkeys produced by irradiated cercariae. 

Nature, Lond. 194, 98-99. 

HSU, H.F., HSi.i, S.Y. Li and OSBORNE, J.W. (1963b) Furth@r studies on 

rh@sus monkeys i1U1Dunized against Schistosoma japonicum by 

administration of X-irradiated cercaria@. Z. Tropenmed. Parasit. 

~• 402-IH2. 

HSU, H.F., DAVIS, J.R., HSU, S.Y.Li and OSBORNE, J.W. (1963a) Histo­

pathology in albino mice and rhesus monkeys infected with irradi­

ated cercariae of Schistosoma japonicum. Z. Tropenlll4!!d. Parasit. 

14, 240-261. 

2G1 

KSti, H.F., HSU, S.Y.Li and OSBORNE, J.W. (1965b) Immunization against 

Schiatoeoaa iaoonicum in rheaua monkeys. Nature, Lond. ~. 

1338-1340. 

HSU, s.Y.Li. (1969) Sex of schistosome cercariae as a factor in the 

i11111unization of rhe:.us monk@ys. Expl. Parasit. ~• 202-209. 

HSU, S.Y.Li. (1970) I---ization apinat Schiato■o- japcnlcum 1n 
chi11p11n••• by adllini■tl'ation of X-irNdiated cez,cal'i••• Tl'ana. 

It. Soo, tl'Op, Ned. HY&, J!L. 597•600. 



2v2 

HSU, S.Y.Li and HSU, H.F. (1965) Immunizing effect of one inoculation 

of cercariae of the Formosan strain of Schistosoma japonicum in 

rhesus monkeys. Z. Tropenrned. Parasit. 16_, 423-433. 

HSU, S .Y .Li and HSU, H. F. (1975 ) Recovery of schistosomula in the 

skin of rhesus monkeys immunized with cercariae of Schistosoma 

iaoonicum exposed to a high dose of X-irradiation. J. Parasit. 

61 , 1108-1.109. 

HSU, S. Y.Li, HSU , H. F. and OSBORNE, J.W. (1965a ) Immuni zing effect 

of X- irradiated cercariae of ~~histosorna japonicurn i n albino 

mice . Z. Tropenmed. Parasi t . ~ . 83-89. 

HSU, S .Y. Li , HS0, H. F. and OSBORNE, J.W. (1969) Immun iza t ion o f 

r hesus monkeys a gainst schistosome infection by c rcari e expos d 

to high doses of X-irradiation. Proc . Soc. exp. Bi ol. Med . 131, 

1.146-1149. 

HSU, S.Y., HSU, H.F., PENICK, G.D., LUST, G.L., OSBORNE, J.W. and 

CHENG, H.F. (1975) Mechanism of immunity to Schistosomiasi s . 

Histopathologic study of lesions elicited in rhesus monkeys 

during immunizations and challenge with cercariae of Schi stosoma 

iaoonicwn. J. Reticuloendothelial Soc. _!!, 167-185. 

HUNTER, G.W., WEINMANN, C.J. and HOFFMAN, R.G. (1961) Studies on 

schiatoaomiasis. XVII. Non-reciprocal acquired resistance between 

s~ i atosoma mansoni and Schistoaomatium douthi tti in mice. Expl . 

Paraait. 11, 133-li+O. 

HUNTER. G.W., CRANDALL, R.B., ZICl<AFOOSE, D.E. and PURVIS, Q.B. (1962) 

Studies on achiatosomiaaia. XVIII. Some factors affecting resist­

ance to Schiatoaoma IDiln■oni infections in albino mice. Aa. J. 

trop. Med. Hya. .ll• 11-21+. 

HllfTEJ. G.V. 1 VELLELA 1 V.M. and CRANDALL 1 R.B. (1967a) Studies on 

achiatoeoaiaaia. XXII. Cro•• resistance in khl ■to■o- 11111nsoni 

and •MPMma-1 .. bN■ilienai• infection• in albino ■lee. Expl . 

Paruit. ,a- 9-15. 



HUNTER, G.W ., GARCIA, B.S., CRANDALL, R.B., ZICKAFOOSE, D.E. an<i 

SENTERFITT , Y. (1967b) Studies on schistosomiasis. XXI. 

Attempts to enhance resistance to challenge infection by trans­

fer of cells and parabiosis. J . Philiip. Med. Ass. ~~. •117-

432 . 

HUSSEIN , M. F. (1973) Animal schistosomiasis in Africa : a review of 

Schi~tosoma bo vis and Schistosoma mattheei , Veterinary Bull. 

~- 342-347. 

HUSSEIN , M. F., SAE:ED, A.A. and NELSON, G.S. (1970) Studies on heter­

o logous immunity i n schis t os omias is. 4 . Heterologous schistosome 

immunity in ca t tle. Bull. Wld. He lth . Org. 42, 745-749 . 

JACHOWSKI, L.A., ANDERSON, R.I. and SADUN, E . H. ( 196 3 ) Se ro logic 

reactions to s ~histosorna mansoni. I. Quant i tative studies on ex­

perimentally infected monkeys (H3caca mulatta). Am. J. Hyg. ]2, 
137-145. 

JAIMES, S. and LICHTENBERG, F. von. (1965} Host response to eggs of 

Schis tosoma mansoni. IV. Fluores cent antibody titres in mic e i n­

fected wi th normal cercariae, gamma-radiated cercariae and with 

purified eggs. Am. J. trop. Med. Hyg. ~. 727-735. 

J AMES , E . R. and TAYLOR, H.G. (1976) Transformation of cercari ae to 

schistosomula: A quantitati·.., compcsr·ison of transformation tech­

niques and of infectivity by different injection routes of the 

organia1111 produced. J. Helm. ~• 223-233 . 

JORDAN, P. (1972) 

Med, Bull. 28, 

Epidemiology and control of schistosomi asis. 

55-59. 

Br. 

.JOVANOVIC , N., IIEYEVIf, V. • SOl<OLJe, D., SOnu:NOVIC, D. 0 GLIQOIUJEVIC, 

.J., cwm.on~, It. and IK>VESlJAII, N. (1961) Vaccination of 

2 u 3 

abNp wi l......u..tN 1arwe ol Blf:tyos•vl!! fllplM, I. lnfluance 

d .... ., 1.awillatl• CIII pawtll -· petllo81ffllolty of ,.....st ... 
(th&l1ah S ry). Vet 1 1 .1 snlk, d . ,ll, 4' -4 4 . 



KAGAN, I.G. (1952) Acquired immunity in mice infecte1 with Schisto­

somatium douthitti. J. Infect. Dis . ~~• 147-158. 

KAGAN, I.G. and PELLEGRINO, J. (1961) A critical review of irmnuno­

logical methods for the diagnosis of Bilharziasis. Bull Wld. 

Hlth. Org . .!.~• 611-674. 

KATZ, S.P. and COLLEY, D.G. (1976a) Induction of cellular and humoral 

immunological responses to a soluble cercarial antigen preparation 

from S. mansoni. Infect. Irmn. 14, 502-508. 

KATZ, S.P. and COLLEY, D.G. (1976b) Analysis of the intradermal res­

ponse against a soluble cercarial antigenic preparation from 

Schis~osoma mansoni. Infect. Imm. 14, 509-521. 

KIEN TRUONG, T., SARASIN, G. and AMBROISE-THOMAS, P. (1970) Compara­

tive evaluation of the fluores cent antibodies directed against the 

larval stages and the adults of Schiscosoma mansoni. I. Experi­

mental schistosomiasis in untreated mice. Ann. trop. Med. Parasit. 

64 • 87-92. 

KLOETZEL, K. (1963) Some quantitative aspects of diagnosi~ and epi­

demiology in schistosomiasis mansoni. Am. J . t rop. Med. Hyg. 

_g_. 3311-337. 

KLOETZEL, K. (1967a) A rationale for the treatment of schistosomiasis 

lllllllsoni, even when re-infection is expected. Trans. R. Soc. trop. 

Med. Hyg. !!_, 609-610. 

Kl.OETZEL, K. (1967b) Egg and pigment production Jn Schistosoms mansoni 

infections of the white mouse. Am. J, trop. Med. Hyg • .!~• 293-

299. 

KLOETZEL, K, and DaSILVA, R.J. (1967) Schistosorniasla manaoni acquired 

ln adulthood: Beh11vioUI' of egg count■ and die lntrade.-1 teat. 

Am. J, trop. Med. Hyg. .1!., 167-169, 



KNOPF, P.M., NUTMAN, T.B. and REASONER, J.A. (1977) S. mansoni: 

Resistance to reinfection in the rat. Expl. Parasit. ~ • 74-82 . 

KUNTZ , R.E. and MALAKATIS, G.M. (1955) Susceptibility studies in 

schistosomiasis . II. Susceptibility of wild mammals to infection 

by Sc,histosoma mansoni in Egypt, with emphasis on rodents . Am. J. 

trop. Med. Hyg. ~ • 75-89. 

LAWRENCE , J.A. (1968) Treatment of Schistosoma mattheei infestation 

in sheep. J. S. Afr. vet. med. Ass. 39, 1-7-51. 

LAWRENCE, J.A. (1973) Schistosoma mattheei in cattle. The host­

parasite relationship. Res. Vet. Sci. 14, 400-402. 

2J5 

LAWRENCE, J.A. (1974) Schistosoma mattheei in sheep: The host­

parasite relationship. Res. Vet. Sci • .!2., 263-264. 

LEHMAN, J.S. Jr., MOTT, K.E., MORROW, R.H. Jr., MUNIZ, T.M. and BOYER, 

M.H. (1976} The intensity and effects of infection with Schisto­

soma n.ansoni in a rural community in northeast BI'ilzil. Am. J. 

trop. Med. Hyg. ~. 285-294. 

LEVINE, D.M. and KAGAN, I.G. (1960) Studies on the immunology of 

schistosomiasis by vaccination and passive transfer. J. Parasit. 

~- 787-792, 

LICHTENBERG, F. von and RITCHIE, L,S, (1961} Cellular resistance 

against schistosomula of Schistosoma mansoni in Macaca mulla tte 

monkeys following prolonged infections. Am. J. trop. Med. Hyg. 

10, 859-869. 

LICHTENBERG, F, von and SADUN, E.H. Cl91i3) P_..alte aisratlon and 

host reaction in mice exposed to irradiated cercariae of Schisto­

•o- mansonl. Expl, Parasit. ll• 256-265, 

LICHTENIEltG, F, von, SADllf, E,H, and BR~, J,L, (1963) Host Nsponse 

to •&P o~ kb.l ■toltO- -■n■onl. IJI, The role of egp ln resist­

ance. J, in~ect, Dia, J.!, 113-122, 



LICHTENBERG, F. von, SHER, A., GIBBONS , N, and DOUGHTY , B.L. (1976) 

Eosinophil-enriched inflammatory response to schistosomula in the 

skin of mice immune to Schistosoma mansoni. Arn. J, Path . ~ , 

479-500. 

LIN, S., RITCHIE, L.S. and HUNTER, G.W. (1954) Acquired immunologic 

resistance against Schistosoma japonicum. J. Parasit. 40 , 40-

( supplement) 

LURIE, H.I. and DeMEILLON , B. (1957) Experimental bilharziasis in 

laboratory animals. V. Immunity in mice produced by repeated 

small infections. S. Afr. Med. J. ~, 68-69. 

MADDISON, S.E., NORMAN, L., GEIGER, S.J . and KAGAN, I.G. (1970) 

Schistosoma mansoni infection in the rat. I. Worm burden and 

serologic response in infected, re-exposed and antigen-sensitized 

animals. J. Parasit. ~. 1058-1065. 

MADDISON, S.E., GEIGER, S,J. and KAGAN, I.G. (1971) Schistosoma 

mansoni: i11DDunity in Macaca mullatta. Expl. Parasit. 29 , 463-479 . 

MADDISON, S.E., HICKLIN, M.D., CONWAY, B.P. and KAGAN, I.G. (1973) 

Transfer factor: Delayed hypersensitivity to Schistosoma rnansoni 

and tuberculin ita Macaca mu.latta. Science. .!Z!, 757-759. 

MADDISON, S.E., HICKLIN, M.D. and KAGAN, I.G. (1976) Schistosoma 

mansoni: Reduction in clinical manifestations and in worm burdens 

conferred by serwn and transfer factor from immune or normal 

rhesus monkeys. Expl. PaNsit. 39. 29-39. 

MAHMOUD, A.A.F. 1 WARREN, K.S. and PETERS, P.A. (1975a) A role for the 

eosinophil in acquiNd resistance to s. mansoni infection as de­

termined by anti-eosinophil serum. J. Expl. Hed. ~• 805-813. 

MAHMOUD, A.A.F., ~ARREN, K.S. and GRAHAM, R.C. (1975b) Anti-eo~inophil 

■el'UIII and the kinetlcs of eoainophlia in Sc~istosoma -.eonl, J. 

Exp. Med. l!!!, 560-571+. 



McCULLOUGH , r .s . nd BRADLEY , D.J. ( 1973 ) Egg outputs bility and 

he epidemiology of Schistosoma haematobium. I. V ri tion and 

s abili yin Schis osoma h ematobium egg counts . Trans. R. Soc . 

rop . d . Hyg. 67, 475-490 . 

McDEVITT, H.O. and BENACERAFT , B. (196'3) Genetic control of specific 

immune responses. Adv. in Immunol. ll , 31-74. 

McKAY , D.A., WARREN, K.S., COOK, J.A . and JORDAN , P. (1973) Immuno­

logic diagnos i s of schistosomiasis. III. The effects of nutri­

tional status and infiction intensity on intradermal test results 

in St . Lucian children . Amer. J. trop. Med. Hyi;t. ~. 205-210. 

McMULLEN , D.B., RITCHIE , L.S., OLIVER-GONZALEZ, J . and KNIGHT, W.B. 

(1967 ) Schistosoma mansoni in Macaca mulatta. Long-term studies 

on the course of primary and challenge infecti ons. Am. J. trop. 

Mee! . Hyg . ~ • 620-627. 

2u7 

HEISENHELDER, J.E. and THOMPSON, P.E. (1963) Comparative observations 

on e,cperi-ntal s. mansoni in.fections in African Green and Rhesus 

monkey■ • J. Para■it. ~. 567-570. 

HEISENHELDER, J.E. 1 OLEZEWSKl 1 B. and niOHPSON, P.E. (1960) Observa­

tions on therapeutic and prophylactic effects by hon:>loaoua i-un• 

blood apit■t Schistosoma mansoni in rhesus monkeys. J. Pa.resit. 

~- 645-647. 

NILLEJl, P. (1976) The llip,ation of the hiaan blood fluke, Scbi■ to■o­

-.oni and !ta aubaequant dewlopaent in the -1.ian host. 

Ph.D. 'l'heaia, ~iwNity of Yol'k. 

MILLER, T.A . (1963) J;ff ct of X-in• di tlon upon th :nf , iv• l 1rv;ie 

of Anr,ylostoma c ninma end tbe iaunopnic aft.ct on dop of • 

ainp 1nfwctloa witll lfO Jrr-ll'Ndlated larwe. J, Paraeit • .!2_, 

7:3'> -741 , 

MINARD, P •• MURRELL, K.D, and STIIU;WALT, M.A. (lg77) Proteolytic, anti­

.-alc and i..aiolopc properties of SchiatoaoN mansoni cercarial 

UPn .. tel'ial. Aa. J. trop , ..... --- J! q1-1tH. 



MOORE, D.V., YOLLES, T.K. and MELENEY, H.E. (1949) A comparison of 

common laboratory animals as experimental hosts for Schistosoma 

mansoni. J. Parasit, ~• 156-170. 

MOORE, D.V., CRANDALL, R,B. and HUNTER, III, G.W. (1963) Studies on 

schistosomiasis. XX. Further studies on the immunogenic signifi­

cance of Schistosoma mansoni eggs in albino mice when subjected 

to homologous challenge. J. Parasit. ~• 117-120. 

2 ., 

MORIEARTY, P,L. and LEWERT, R.M. (1974a) Delayed hypersensitivity in 

Ugandan schistosomiasis. I. Sensitivity, specificity and i11111uno­

logical features of intradermal responses. Am. J. trop. Med. 

Hyg. 31_, 169-178. 

MORIEARTY, P.L. and LEWERT, P,?l. (1974b) Delayed hypersensitivity in 

Ugandan schistosomiasis. II, Epidemiologic patterns of intradennal 

responses. Am. J. trop. Med. Hyg. 31. 179-189. 

MURRELL, K.D. and CLAY, B. {1972) In vitro detection of cytotoxic 

antibodies to Schistosoma mansoni schistosomules. Am, J. trop, 

Med. Hyg. ~• 569-577, 

MURRELL, K,D,, DENI, D.A. and STAFFORD, E.E. (197!:i) Resistance to in­

fection with schistosoma mansoni after immunization with worm 

wxtracts or live cercariae: Role of cytotoxic antibody in mice and 

guinea pigs, Amer, J, Med, Hyg. 2 .. -· 955-962. 

MAIHARI<, O.H., BENENSON, A,S., OLIVER-GONZALEZ, J. • MclfJLLEM, D,B. and 

RITCHIE, L.S. (1960) Studies of schistosomiasis in primates: 

observations on acquired resistance, progress report. Am, J. trop, 

Med, Hyg, !• 1+30-435. 

NELSON, G.~., AMIN, M.A., SAOUD, M,F.A, and TEESDALE, C. (1968) 

Studl•• on he1:erologoua im11unl ty in echiatosoiniaela. I. Hetel'Olo­

FUS ■chi■toaO- iaiunl ty in mice. Bull. Wld, Heltll. Org, _!!, 

9-17, 



2v9 

NEWSOME, J. (1956) Problems of fluke immunity: with special reference 

to schistosomiasis. Trans. R. Soc. trop. Med. Hyg, 258-274. 

OGILVIE, B.M., SMIIBERS, S.R. and TERRY, R.S. (1966) Real!,in-lil<e 

antibodies in experimental infections of Schistosoma mansoni and 

the passive transfer of resistance. Nature, Lond. 209, 1221-

1223. 

OLIVEIRA, D., KATZ, N. and PELLEGRINO, J. (1971) Oogram pattern from 

mice exposed to irradiated cercariae of Schistosoma mansoni. J. 

Parasit. ~. 1139-1140. 

OLIVIER, L. ( 1952) A comparison of infections in mice with three 

species of schistosomes, Schistosoma mansoni, S. Japonicum and 

S. douthitti. Am. J. Hyg • .?2.• 22-35. 

OLIVIER, L. and SCHNEIDERMANN, M. (1953) Acquired resistance to 

Schistosoma mansoni infection in laboratory animals. Am. J. trop. 

Med. Hyg. ~• 298-306. 

OMER, A.H.S., HAMILTON, P.J.S., MARSHALL. T.F. de C. and DRAPER, C.C. 

(1976) Infection with Schi!'tosoma mansoni in the Gezira area of 

the Sudan. J. trop. Med. Hyg. 79 0 151-157. 

ONGON. V.L. and BRADLEY, D.J. (1972) The epidemiology and consequences 

of Schistosoma mansooi infection in West Nilek, Uganda. l. Field 

studies of a coramunity at Pangagoro. Trans. R. Soc. trop. Med. 

Hyg. ~• B35-851. 

O0THUKAN, P. (1976) Studies on the host/parasite relationship in 

ani11111la infected with Bruaia pahangi. Ph.D. 'l'he■ la, ~iw"it:y of 

London. 

PE:REZ, H. 1 CLEGG, J.A. and SMITHERS, S.R. (1971+) Ac:quired innnunit:y 

to s. manaonl in the rat I Mea■ure-nt of imunl t:y by the lung re­

cowl')' technique. Paraaitoloav, !!,, 3'+8-359. 



PERLOWAGORA-SZUMLEWICZ, A. (1964a) Studies on acqui res r esistance to 

Schistosoma mansoni in mice exposed to X-irra diated cercari ae. 

Bull. Wld. Hlth. Org. 1,£, 401-412. 

2 7 0 

PERLOWAGORA-SZUMLEWICZ, A. {1964b) Schistosoma mansoni: humora l trans­

fer of protective factors produced by irradiated cercariae. 

Nature, Lond. 204, 1009-1010 {Correspondence). 

PERLOWAGORA-SZUMLEWICZ, A. {1964c) 0 papel das cercarias atenvadeas 

na imunizacuo efectiva contra o Schistosoma mansoni. Revta braz. 

Mdar. Doenc. trop. 16, 505-525. English summary pp. 511-514. 

PERLOWAGORA-SZUMLEWICZ, A. {1966) Studies on acquired resistance to 

Schistosoma mansoni in mice exposed to X-irradiated cercariae of 

one sex. Revta. Inst. Med. trop. S. Paulo. !, 203-218. 

PERLOWAGORA-SZUMLEWICZ, A. and OLIVIER, L.J. (1963) Schistosoma 

mansoni: Development of challenge infections in mice exposed to 

irradiated cercariae. Science. ~. 4)1-412. 

PRESTON, J.M. and WEBB£, G. (1974) Studies on immunity to reinfection 

with Schistosoma mattheei in sheep and cattle. 

Org. 50, 566-568. 

Bull. Wld. Hlth. 

PRESTON, J.M., NELSON, G.S. and SAEED, A.A. {1972} Studies on heteo­

logous inmnmity in schistosomiasis. 5. Heterologous schistosome 

inrnunity in sheep. Bull. Wld. Hlth. Org. ~• 587-590 . 

RADKE, M.G. and SADUN, E.H. (1963) Resistance produced in mice by 
expoaur-e to irradiated Schistosoma mansoni cercariae. Expl. 

Paraalt. 13, 13'+-11+2. 

RIEK, R,F, and SADllil, R,K, (1960) Effect■ of X-rays on the develop­

~t of the infective larvae of Oeaophago■ tolllUIII radiation (Rud-

1803) (Stronavloidae-Neniatoda). Nature. Lond, .!!!• 981-982 

( Co:rN■ponde.:1c•). 



271 

RITCHIE, L.S. , GARSON, S . and ERIKSON, D.G. (1962) Attempts to induce 

resistance against Schistosoma rnansoni by injecting cercariae, 

adult worm and egg homogenates in sequence. J. Parasit. ~. 

223- 236. 

RITCHIE, L.S., FRICK, L.P., KNIGHT, W.B. and BERRIOS-DURAN, L.A. (1963) 

Effect of duration of Schistosoma mansoni infect ions on the degree 

of protection against subsequent exposures. Trans. R. Soc. trop. 

Med. Hy g. .?2_, 375-378. 

RITCHIE, L.S., KNIGHT, W.B., McMULLEN, D.B. and LICHTENBERG, F. van. 

(1966) The influence of infection intensity of Schistosoma 

manson i on resistance against existing and subsequent infections 

in Macaca mulatto. Am. J. trap. Med. Hyg. ~. 43-49. 

RITCHIE, L.S., KNIGHT, W.B., OLIVER-GONZALEZ, J., FRICK, L.P., MORRIS, 

J.M. and CROKER, W.L. (1967) s. mansoni infections in Cercopi­

thecus sabaeus monkeys. J. Parasit. ~• 1217-1224. 

SADUN, E.H. (1967) Immunodiagnosis in schistosomiasis. In "Bilharz­

iasis" (Ed. Hostofi, F.K.) pp. 259-269. Springer-Verlag. 

SADUN, E.H. (1976) Serodiagnosis of schistosomiasis. In '"Immunology 

of parasitic infections". (Ed. Cohen, E. and Sadun, E,H.) pp. 

120-129. Blackwell Scientific Publications. 

SADUN, E,H. and LIN, S.S. (1959) Studies on host-parasite relation­

ships to 5,,histoaoma japonicuu1. IV. R,.siAtance acquired by infec­

tion, by vaccination and by the injection of i111Dune serum in 

monkeys, rabbits and mice. J. Parasit • .!!l• S43-S48. 

SADUN, E.H., YANAXI, A,, LIN, S.S. and BURl<E, J.C. (1961) Studies on 

the host-parasite relationships to Schistosoma japonicwn, VI. 
Acquired resistance in mice and monkeys infected with the Formosan 

and Japanese strain. J. Paras! t. .!!2.• 891-897. 



SADUN, E.H. , BRUCE, J.I. and MACOMBER, P.B. (1964) Parasi tologic, 

pathologic and serologic reactions to Schistosoma mansoni in 

monkeys exposed to irradiated cercariae. Am. J. trop. Me d. Hyg. 

13, 548-557. 

272 

SADUN, E.H., SCHOENBECHLER, M.J. and BENTZ, M. (1965) Multiple anti­

body response in Schistosoma mansoni infections. Antigenic con­

stituents in eggs, cercariae and adults (excretions and secretions) , 

determined by flocc ulation reactions cress absorption and double 

diffusion studies. Am. J. trop. Med. Hyg. 14, 977-995. 

3ADUN , E.H., LICHTENBERG, F. von and BRUCE, J.I. (1966) Susceptibility 

and comparat ive pathology of ten species of primates exposed to 

infection with Schistosoma mansoni. Am. J. trop. Med. Hyg • .!..?_, 

705-718. 

SADUN, E.H •• LICHTENBERG, r. von, CHEEVER, A.W. and ERICKSON, D. G. 

(1970) Schistosomiasis mansoni in the chimpanzee. The natural 

history of chronic infections after single and multiple exposures. 

Am. J. trop. Med. Hyg. 19, 258-277. 

SERm:NT, E., PARROT, C. and DONNATIEN, A. (1925) On the necessity of 

having a term to express the resistance of car-riers of germs to 

superimposed infections. Trans. R. Soc. trop. Med. Hyg. _!!, 

383-385. 

SHER, A., MACKENZIE, P. and SMITHERS, S.R. (1974) Decreased recovery 

of invading parasites from the lungs as a parameter of acquired 

immunity to schistosomiasis in the laboratory mouse. J. infect. 

Dis, 112,, 626-633, 

SHER, A,, SHI11iERS, S.R. and MACKENZIE, P. (1975) Passi,,. tNnafer of 

acquired resistance to Schi■ tosoraa mansoni in laboratory mice. 

Parasitolo&Y, ,12, 347-357. 



273 

SHER, A., BUTTERWORIB, A.E., COLLEY, D.G. , COOK, J.A., FREEMAN, G.L. and 

JORDAN, P. (1977a) Immune responses during human schistosomiasis 

mansoni. II. Occurrence of eosinc.phil-dependant cytotoxic anti­

bodies in relation to intensity and duration of infection. Am. J. 

trop. Med. Hyg. ~. 909-916. 

SHER, A., SMITHERS , s.r., MACKENZIE, P. and BROOMFIELD, A. (1977b) 

Schistosoma mansoni: Immunoglobulin involved in passive immuniza­

tion of laboratory mice. Expl. Parasit. 41, 160-166. 

SIONGOK, T.K.A., MAHMOUD, A.A.f., OUMA, J.H., WARREN, K.S ., MULLER, A.S., 

HANOA, A.K. and HOUSER, H.B. (1976) ~,orbidity in Schistosomiasis_ 

mansoni in relation to intensity of infection: Study of a community 

in Machakos, Kenya. Am. J. trop. Med. Hyg. ~• 491-500. 

SMITH, H.A., JONES, T.C. and HUNT, R.D. (1974) Pathological effects 

of ionizing radiations. In "Veterinary pathology" Chapter• 6. Lea 

and febiger, Philadelphia. 

SMI1rl, M.A. and CLEGG, J.A. (1976) Different levels of acquired immun­

lt} to Schistosoma mansoni in two strains of hamster. Parasitology. 

73, 47-52. 

SMini, M. and WEBBE, G. (1974) Damage to schistosomula of Schistosoma 

~tobium in vitro by innune baboon and human sera and absence 

of ~ross-reaction with Schistosma mansoni. Trans. R. Soc. trop. 

Med, Hyg. ~• 70-71, 

SMini, M., CLEGG, J.A,, KUSEL, J.R. and WEBBE, g. (1975) Lung inflam­

mation in i1D1Dunitu to Schiatoao- mansoni. Separatum Experimentia. 

~. 595-596. 

SMITH, M.A., CLEGG, J,A. and WEBBE, G. (1976) Cross innunity to 

Sr.h ■to■o- -naoni and S. haematobium in the haneter. Parasitol. 

1!, 53-61f, 



SMITHERS, S.R. (1962 ) Stimulation of acquired resistance to S. mansoni 

in monkeys : role of eggs and worms. Expl. Parasit. g, 263-273. 

SMITHERS , S.R. 

par asi t es". 

( 1968) Immunity to blood helminths . 

pp. 55-66. (Ed. Taylor , A.E. R.) 

In "Immunity to 

Symposium of the 

British Society for Parasitology (6th ), London , November 17 , 1967. 

Oxford: Blackwell Scientific Publications. 

SMITHERS, S.R. ( 1976 ) Immunity to trematode infections. In " I mmun­

ology of parasi t ic infections". ( Ed. Cohen, E. and Sadun , E.H .) 

pp . 296-332. Blackwell Scientific Publications. 

SMITHERS , S.R . and TERRY, R.J. (1965a ) Naturally acqui red resis t a nce 

to experimental in fection of Scliis tosoma manson i in t he rhesus 

monkey (Macaca mulat t a). Parasitology. ~ • 701-710. 

SMITHERS, S .R. and TERRY, R. J . (1965b) The infection of laboratory 

hosts with cercariae of Schistosoma mansoni and the recovery o f 

the adult worms. Parasitology. 22.• 695-700, 

SMITHERS, s , r . and TERRY, R.J, (1965c) Acquired resistance to experi­

mental infections of Schistosoma roansoni in the albino rat. 

Parasitology. ~. 711-717, 

SMITHERS, S.R, and TERRY, R.J. (1967) Resistance to experimental in­

fection with Sohistosoma mansoni 1 n rhesus monkeys induced by the 

transfer of adul.t wonDS. Trans, R. Soc. trop. Med. Hyg. _g, 
517-533. 

SMITHERS, S,R, and TERRY, R,J, (1969a) The innunology of schistoso­

miasis, In "Advances in Parasitology" (Ed. Ben Dawes), Vol. 7, 

pp. 41-93, Academic Press, London and New York. 

SMITHERS, S,R, and TERRY, R,J. 

Ann, N, Y, Acad. Sci, 160, 

(1969b) Immunity in schistoaomiasis. 

826-840, 



SMITHERS , S.R. and TERRY, R. J . (1976 ) The immunology of schistoso­

miasis. In "Advances i n Parasitology" (Ed. Ben Dawes ), Vol. 14 , 

pp . 399-422 . Academic Press, London , New York and San Francisco . 

STIREWALT, M.A. (1953) The influence of previous i nfection of mice 

with Schistosoma mansoni on a challenging infection with 

homologous parasit. Am. J. trop. Med. Hyg. ?_, 867-882. 

STI REWALT, M.A . ( 1963) Seminar on i !1'D11uni t y to parasitic helminths. 

IV. Schistosome infections . Expl . Parasit. g , 18-44 . 

2 7 5 

STIREWALT, M.A. (19 74) Schis tosoma mansoni: ce rcaria t o schistosomule . 

In "Advances i n Parasitology". (Ed. Ben Dawes). Vol. 12, pp. 

11 5-175. Adademic Press, London and New York. 

STIREWAL1', M.A . and EVANS, A.S. (19 55) Serologic reactions in Schis to­

sorna mansoni infections. I. Cercaricidal, prec i pitat i on, aggl u­

tination and CHR phenomenon. Expl. Paras i t. ~• 123-142 . 

STIREWALT, M.A. and KRUDENIER, F.S. (1961) Activity of the acetabular 

secretory apparatus of cercariae of Schistosoma rnansoni under ex­

perimental conditions. Expl. Parasit. g, 191-211. 

STIREWALT, M,A. and Uy, A. (1969) Schistosoma mansoni: ce rcarial pene­

trat ion and schistosornule collection in an in vitro ;:ys tem. Exp . 

Parasit. ~• 17-28. 

STIREWALT, M.A., KUNTZ, R.E. and EVANS, A.S. (1951) The relative sus­

ceptibilities of the comm:mly used J.aboratory manmals to infection 

by S, mansoni. Am, J, trop, Med, Hyg, l!• 57-82, 

STIREWALT, M,A,, SHEPPERSON, J,R, and LINCICOME, D.R. (1965) Com­

parlaon of penetration and maturation of Schistoaoma manaoni in 

four ■tNl .. of llloe. fU'UltololJ• !!• 227-?.15. 



STRIEBEL, H.P. and SARASIN, G. (1975) Immunization experiments with 

various booster antigens after chemotherapeutic eradication of 

Schistosoma mansoni in white mice. In "Nuclear techniques in 

helminthology research". International Atomic Energy Agency, 

Vienna. pp. 145-155. 

STURROCK, R.F., BUTTI:RWORTH, A.E. and HOUBA, V. (1976) Schistosoma 

mansoni in the baboon (Paoio anubis). Parasitological responses 

of Kenyan baboons to different exposures of a local parasite 

stl•ain. Parasitology. ~. 239-252. 

276 

TAYLOR, M.G. (1975) Towards the development of a live vaccine for 

schis tosomiasis. In "Nuclear Techniques in Helminthology Research". 

International Atomic Energy Agency, Vienna. pp. 16~-173. 

TAYLOR, M.G., NELSON, G.S., SMITH, M. and ANDREWS, B.J. (1973a) Com­

parison of the infectivity and pathogenicity of six species of 

African schistosomes and their hybrids. J. Helm. 47, 455-485, 

TAYLOR, M.G,, NELSON, G.S., SMITH, M. and ANDREWS, B,J. (1973b) 

Studies on heterologoua immunity in schistosomiasis. 7. Observa­

tions on the development of acquired ho1TJOlogous and heterologous 

ir:munity to Schistosoma mansoni in baboons. Bull. Wld. Hlth. Org. 

~. 58-65. 

TAYLOR, M.G., JAMES, E.R., NELSON, G.S., BICKLE, Q,D., ANDREWS, B.J., 

OOBINSON, A,R, and WEBBE, G. (1976a) Immunization of baboons 

against Schistosoma mansoni using irradiated S. mansoni cercariae 

and schistosomula and non-irradiated S. rodhaini cercariae. J. 

Helminth, _!2, 215-221. 

TAYLOR, M.G., JAMES, E,R., NELSON, G.s •• BICKLE, Q.D., D~NE, D.w. and 

WEBBE, G. (1976b) Immunization of sheep against Schiatoaoma 

mttheei uaina either irradiated cercariae or irradiated schisto­

somula. J. Helllinth. ~• 1-9. 



TERRY• R.J. (1973) Vaccination against schistosomes? Report of an 

expert conference sponsored by the Rockefeller Foundation. Int. 

J . Parasit. ~-• 287-288. 

277 

TEWARI, H.C. and BISWAS, G. ( 1972) Experimental studies on the immun­

ology of Sch;stosoma inco~itum Chandler 1926 by vaccination with 

gamma irradiated cercariae and passive transfer. Z. Parasitlcde. 

~. 48-53. 

THOMPSON , J .H. (1954) Host-parasite relationships of Schistosoma 

manson i. Exp 1. Parasi t . -~• 140-146. 

VILLELLA, J.B . and WEINBREN, H.P. (1965 ) Abnormalities in adult 

s~h istosoma manson i developed from gamma-irradiated cercariae. J. 

Par asi t . g, 42 (Abstract ). 

VILLELLA, J.B . , GOMBERG, H.J. and GOULD, S.E. (1961) Immunizat i on to 

Schistosoma mansoni in mic e inoculate d with radiated cercari ae. 

Science . ~• 1073-1075. 

VOGEL, H. ( 1962) Observations on the acquired immunity of rhesus 

monkeys against schistosome infections. Z. Tropenmed. Parasitol, 

g, 397-404. 

VOGEL, H. and MINNING, W. (1953) Uber die erworbene resistenz von 

Macacus rhesus gegenuber Schistosoma j'31ponicum. Z. Tropenroed . 

Parasitol. ~• 418-505. 

WAl<ELIN , D, (1975) Genetic control of imnune responses to parasites: 

selection for responsiveness and non-responsiveness to Trichuris 

!!!!ti!. in random-bred mice. Parasitology, 2!,, 377-384, 

WARREN, K.S. (1973) Regulation of the prevalence and lntenalty of 

■chiatoaomiuia in IDlln: 1-unology or acology? J. Infect. Dia . 

u,. 595-609, 



WARREN, K.S. (1976) Immunopathology due to cell-mediated (type IV) 

reactions. In "Immunology of parasitic infections" . (Ed. Cohen, 

E. and Sadun, E.H. ). pp.448-467. Blackwell Scientific Publica­

tions. 

2-:' 8 

WARREN, K.S. and DeWITT, W.B. (1958) Production of portal hypert3nsion 

and oesophageal varices in the mouse. Proc. Soc. Exp. Biol. Med. 

98, 99-101. 

WARREN, K.S., COOK, J.A. and JORDAN, P. (1972 ) Passive transfor· of 

immunity in human Schistosomiasis mansoni : Effect of hyperimmune 

anti-schistosome gamma globulin on early established infections. 

Trans. R. Soc. trop. Med. Hyg. 66, 65-74. 

WARREN, K.S., COOK, J.A., LITTELL, A. s .• KAG.\~, I.G. and JORDAN, P. 

(1973b) Immunologic diagnosis of schistosomiasis. II. Further 

studies on the sensitivity and specificity of delayed intradermal 

reactions. Amer. J. trop. Med. Hyg! ~. 199-204. 

WARREN, K.S., KELLERMEYER, R.W., JORDAN, P., LIT1EL~, A.S., COOK, J.A. 

and KAGAN, I.G. (1973a) Immunologic diagno,.is of sch i stosomias is . 

1. A controlled study of intradennal (immediate and delayed) and 

serologic tests in St. Lucians infected with Schistosoma mansoni 

and in uninfected St. Vincentians. Amer. J. trop. Med. Hyg. 22, 

189-198. 

WARREN, K.S., MAHMOUD, A.A.F., CUMMINGS, P., MURPHY, D. J. and HOUSER, 

H. B. (1974) Schistosomiasis mansoni in Yemeni in california: 

duration of infection, presence of disease, thei,apeutic management. 

Am. J. trop. Hed, Hyg. E• 902-909, 

WARREN, K.S., COOK, J,A., DAVID, J.R. and JORDAN, P. (1975) Passive 

transfer of immunity in human achistosomiasis mansoni: effect of 

transfer factor on early established infections. Trans. R, Soc. 

trop. Med, Hyg. !!• 488-493. 



WATTS, N.P . (1949) Prophylactic use of schistosomal antigen. J . 

Immunol. g . 183-192. 

WILKINS , H.A. (1977) Schistosorna haematobium in a Gambian community. 

1. The intensity and prevalence of infection. Ann. trop, · d . 

Parasit. ~ • 53-58. 

WOLFSON, R.L. • HORNER, D.W. and KAGAN , I.G. ( 1969) Delayed skin 

sensitivity in schistosomiasis . J. Parasit. ~ • 1174-1179, 

WOLFSON , R.L ., MADDISON , S .E. and KAGAN, I.G. (1972) Migration in­

hibi'ion of peripheral leucocytes in human schistosomiasis. J . 

Immunol. ~• 123-128. 


