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Studies on heterologous immunity in schistosomiasis
7. Observations on the development of acquired homologous and heterologous
immunity to Schistosoma mansoni in baboons *

M. G. TAYLOR,' G. S. NELSON,2 MARY SMITH,3 & B. J. ANDREWS

Observations were made on the development of immunity to Schistosoma mansoni in
baboons using both homologous and heterologous systems. The baboons were immunized by
either (a) a single exposure to cercariae of the homologous species S. mansoni, or (b) 1-2
exposures to cercariae ofeither a S. rodhaini/S. mansoni hybrid or a S. mattheei/S. haema-
tobium hybrid, or (c) repeated exposure to the cercariae of S. rodhaini or S. bovis.
Baboons immunized with 500 cercariae of the homologous parasite developed partial
immunity to reinfection, as did the baboons immunized with multiple exposures to the
heterologous cercariae ofS. rodhaini and S. bovis, although theseparasitesproduced neither
adult worms nor eggs in the baboons. The hybrids gave rise to well-established adult worm
infections, but produced less immunity, even though the S. rodhaini/S. mansoni hybrid was
genetically very similar to S. mansoni. These results indicate that adult worms are not
essential to produce a considerable degree of immunity to reinfection, which can be
engendered by the earlier stages of the parasites. However, none of the immune responses
prevented egg deposition in the tissues, and considerable pathological changes resulted from
the challenge infection. These observations suggest that although heterologous infections
show some promise as immunizing agents, further studies are needed of the pathological
changes resulting from their use.

Studies on the mechanism of immunity to S. man-
soni in the rhesus monkey have shown that adult
worms of an established infection can stimulate this
host to resist completely cercarial challenges but are
not themselves destroyed by the immune response
(Smithers & Terry, 1969; Smithers, 1972). It is
obviously of great importance to determine whether
this " concomitant immunity " occurs in other pri-
mates, particularly those that have host-parasite
relationships similar to that between man and
S. mansoni. The baboon, a natural host of S. mansoni
and S. haematobium in Africa (Miller, 1960; Nelson
et al., 1962), was used for this purpose because it
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appears to be one of the best experimental models of
human schistosomiasis (Sadun et al., 1966; Jordan
et al., 1967; Webbe et al., 1972; Damian et al., 1972).
Preliminary observations by Newsome (1956) and
McMahon (1967) suggest that baboons can develop
partial acquired immunity to reinfection with
S. mansoni, and Webbe & James (1972) have re-
ported that they can also become partially resistant
to reinfection with S. haematobium.
The present study also sought to determine

whether heterologous immunization was possible
either with schistosomes naturally nonpathogenic in
the baboon, e.g., S. rodhaini and S. bovis, or with
genetically altered hybrids. It has already been
shown that rhesus monkeys can be partially immu-
nized against S. mansoni challenge by immunization
with S. bovis or S. mattheei cercariae (Amin et al.,
1968; Eveland et al., 1969). The large range of
immunizing agents used here was expected to pro-
vide indirect evidence of the possible importance of
heterologous acquired immunity in the epidemiology
of human schistosomiasis.
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Table 1. Immunization schedules

Immunizing Baboon Total no. of immunizing No. of weeks until challenge
agent no. cercariae administered After 1st immunizing After last immunizing

no.ofdoses ~dose dose

S. rodhaini 23-26 51 000/14 18 2

S. bovls 27-30 18000/9-10 17 2

S. mansoni 31-34 500/1 18 18

S. mansoni 35 & 36 500/1 - -

S. mattheei/ 37-41 1 000/1 17 17
S. haematobium
Fs hybrid

S. rodhainif 42-45 1 250/1-2 11-12 11-12
S. mansoni
F7 hybrid

MATERIALS AND METHODS

The homologous immunizing agent was a Puerto
Rican strain of S. mansoni. The heterologous para-
sites were S. rodhaini from Uganda and S. bovis from
Iran, a S. rodhainilS. mansoni hybrid (F7 cercariae)
and a S. mattheei/S. haematobium hybrid (F6 cerca-

riae). The hybridization experiments were described
by Taylor (1970). It has previously been found that
S. rodhaini and S. bovis do not mature in baboons
and that the two hybrids employed are of relatively
low pathogenicity in baboons at the levels of infec-
tion that were used, even though mature adult worms
are produced (Taylor, 1972).

Twenty-six young male baboons (Papio sp.) weigh-
ing 3.9-6.7 kg were obtained in England from a

dealer who had imported them from Senegal. One
animal had to be replaced, since it had a natural
infection with S. haematobium. The baboons were

immunized according to the schedules shown in
Table 1, the first immunizing dose being given at
different times in some of the groups. The challenges,
each of 500 cercariae of S. mansoni, took place over

the same 4-day period for all the baboons, 1 baboon
from each of the 6 groups of 4 being challenged each
day until, after 4 days, all 24 had been challenged.
Two immune control baboons were immunized with
500 S. mansoni cercariae each, but not challenged.
Exposure to cercariae was by the method of Mas-
soud (1973). Throughout the experiment faecal egg

counts were made weekly on 24-hour stools collected
in metabolic trays by a modification of the filtration
method of Bell (1963). For graphic representation
the weekly egg-count data were " smoothed " by the

3-point moving average method (Thompson et al.,
1962).
The baboons were killed 13-16 weeks after chal-

lenge by the method of Cheever & Powers (1969),
and the worms were recovered by perfusion
(Smithers & Terry, 1965; Cheever & Powers, 1969).
Perfusion fluid was aspirated by a Millipore vacuum
pump into a 5-litre conical flask through a Seitz filter
with a membrane of bolting silk (John Stanier,
" treble extra heavy no. 16 "), the worms being
retained on the silk membrane, then washed off and
counted in normal saline. In heterospecific infections
worms fixed in 70% ethanol were stained for species
identification in Harris' haematoxylin. After per-
fusion the viscera were removed en bloc and the
individual organs dissected out, examined for re-
maining worms, and weighed. Samples of each organ
were then removed and preserved in 10% formol
saline for histological studies. The remaining tissues
were put in separate polyethylene bags and stored in
the deep freeze at - 20°C. For egg counts, the tissues
were thawed and reweighed; then entire organs were
digested in 5% potassium hydroxide solution and
eggs were counted in 1-ml Sedgewick Rafter cham-
bers (Cheever, 1968) using x 40 magnification with a
compound microscope; the volume of digest was
then measured.

RESULTS

Adult worm recoveries and
total tissue egg counts (Table 2)
There was a mean of 125 S. mansoni adult worms

in the challenge control group, which agreed well
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with a mean of 146 worms for the two immune
control animals also given 500 cercariae. The mean
worm load of the homologous S. mansoni group
was 211, indicating a mean reduction of the challenge
by 48%. The animals immunized with S. rodhaini or
S. bovis had mean S. mansoni worm loads of only
54 and 69 respectively, 57% and 45% less than the
challenge control group, and no S. rodhaini or
S. bovis adult worms were recovered. The animals
immunized with the S. mattheei/S. haematobium
hybrid had an average of 108 S. mansoni, 14% less
than the controls, and an average of 112 hybrid
worms, equivalent to 11% of the applied hybrid
cercariae. No figures are recorded for the S. mansoni
recoveries from the baboons immunized with the
S. rodhaini/S. mansoni hybrid because these worms
cannot be reliably distinguished from S. mansoni in
mixed infections; the total recoveries for this group
were between 312 and 361 worms.
A similar picture emerges from the total S. man-

soni tissue egg counts: reductions in the expected
mean tissue egg totals consistent with the percentage
worm reductions occurred in each of the immunized
groups, including the S. rodhaini/S. mansoni group,
but the mean total tissue egg count in the S. mat-
theei/S. haematobium group was almost identical
with that in the control group.

Faecal egg counts

The figures for the mean faecal egg output per
24 hours (Table 2) show that the animals immunized
with S. rodhaini, S. bovis, and the S. mansoni/S. rod-
haini hybrid all excreted fewer eggs than the chal-
lenge controls, the greatest reduction occurring in the
S. rodhaini group. As with the tissue egg counts, the
percentage reductions were consistent with those for
adult worm recoveries, and there was no evidence of
immunity in the S. mattheei/S. haematobium group.
No S. rodhaini or S. bovis eggs were seen in the
faeces.

Homologous immunization group. Immunizing
exposures of 500 S. mansoni cercariae produced
outputs of about 20000 eggs per 24 hours in the
faeces of all 6 baboons, and in the two that were not
challenged this level persisted until the end of the
experiment (Fig. 1). In 2 of the 4 challenged animals
there was hardly any rise in egg output after chal-
lenge, but egg counts in the other two rose appre-
ciably, in one case to more than 70 000 eggs per
24 hours. In the challenge control group, infection
with 500 cercariae produced outputs of around
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Fig. 1. Weekly 24-hour faecal egg counts in 4 baboons immunized by a single exposure to 500 cercariae of S. man-
soni and challenged with 500 S. mansoni cercariae 18 weeks later, and in 2 baboons given the immunizing exposure
of 500 cercariae only.

20 000 eggs per day in 3 baboons, but egg counts in
the fourth animal remained low.
Baboons immunized with S. rodhaini/S. mansoni

and S. mattheei/S. haematobium hybrids. Differential
faecal egg counts showed that the egg outputs of the
hybrid immunizing infections remained unaffected
by challenge, fluctuating around a level of 1 000 eggs
per 24 hours throughout the experiment (Figs. 2
&3).

Distribution of S. mansoni eggs
in different organs
In the immunized animals, more S. mansoni eggs

were found in the liver and small intestine and fewer
in the large intestine than in the control group
(Table 3). It was interesting to note that the distribu-
tion of eggs in the unchallenged baboons was close to
that in the challenge control animals, apparently
remaining unaffected by the difference in the dura-
tion of infection (28 weeks for the former and
13 weeks for the latter group). In these groups the
proportions of the total egg count found in the liver,

small intestine, and large intestine were: 7% and 8 %,
14% and 20%, and 79% and 72%, respectively.
There were very few S. mansoni eggs in organs

other than the liver and intestines. In the 26 animals
the numbers of other organs containing S. mansoni
eggs were as follows: left lung, 11; right lung, 6;
pancreas, 5; spleen, 3; bladder, 2; ureter, 1. The
highest counts-84 eggs per g in the left lung of
baboon 24, immunized with S. rodhaini-amounted
to only 1.1 % of the total egg load. No eggs were seen
in digested kidneys or hearts.

Rate of S. mansoni egg production per worm pair
When the tissue and faecal egg counts are related

to the number of worm pairs a found in each baboon
at autopsy it appears that the partial acquisition of
immunity to reinfection did not diminish the fecun-
dity of the worms that managed to develop, at least
in the 3 immunized groups shown in Table 4. The
mean total tissue egg load per worm pair per baboon

a The number of female or male worms present, whichever
is the lower.
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Fig. 2. Hybrid faecal egg counts in baboons immunized with the S. rodhainilS. mansoni hybrid and challenged with
500 S. mansoni 11-12 weeks later.

4,000
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p2,000
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Fig. 3. Hybrid faecal egg counts in baboons immunized with the S. mattheei/S. haematobium hybrid and
challenged with 500 S. mansoni cercariae 17 weeks later.

was about 12 000 in the challenge controls, com-
pared with 10 000 to 17 000 in the immunized
groups, and the mean 24-hour faecal egg counts per
worm pair were 279 and 296 in the challenge and
immune controls respectively, compared with 253
to 338 in the immunized animals. Comparison of
the immune control and challenge control groups
shows that the total number of eggs in the tissues per
worm pair per baboon was almost the same after
13 and 28 weeks-about 12 000 eggs per worm pair
in each case.

Hybrid egg counts

Baboons 37-41, immunized with S. mattheei/
S. haematobium hybrid cercariae, excreted in addi-
tion to the S. mansoni eggs the equivalent of about

20 hybrid eggs per worm pair per day in the faeces.
Tissue egg counts showed that at autopsy there were
56 000-503 000 hybrid eggs in the tissues or
1 300-5 500 eggs per worm pair: far fewer than those
produced by S. mansoni. The mean figures for the
distribution of these hybrid eggs in the tissues of
these 4 baboons were: liver, 40%; small intestine,
13%; large intestine, 45%. The lungs contained
1-5.5% of the total tissue egg loads of the hybrids, a
much higher proportion than in S. mansoni, and up
to 0.5% of the total hybrid eggs were found in the
bladders. Baboons 42-45, immunized with the
S. rodhainilS. mansoni hybrid, had totals of
326 000-1 100 000 hybrid eggs in the tissues at au-
topsy, and the mean distribution figures for the
4 baboons were: liver, 28%; small intestine, 45%;
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large intestine, 26 %Y. Up to 3.9% of the total number
3 .S. c-.X of eggs was in the pancreas: a greater involvement of

CO
, t ss ^ > this organ than we have seen with any other schisto-

P°E 06 P-ZXC6 z co X
r

o.(6 r-z r-somes.
E Histopathology

E
We were mainly interested to see if there were

3:> .._ o differences between the pathological reactions of the
-gXO immunized and the control animals. As in our

E XcWo-o - c N r- ctco previous study (Taylor, 1972) no adult worms or eggs
E c6 __- _ _ I NMN c Lo of either S. rodhaini or S. bovis were found in the
E c6 baboons, and there were lower S. mansoni egg

densities in the liver, small intestine, and large
intestine of the immune animals than there were in

.N C' Cq XX the control animals. There were also striking differ-
: L w w o 0a) o D-o o 0a) a ences in the reaction to the eggs in some of the

E N_ _NC I animals (Table 5). In baboons 23 and 24, immunized
with S. rodhaini, and 29 and 30, immunized with
S. bovis, there were extensive granulomas in the

-O:nc _ i livers, characterized by florid Hoeppli reactions
_ around the eggs. This phenomenon was not seen in
O E ¢ 2o A 9oo o ooo' Lo co - any of the animals infected with S.mansoni alone. ln

. E M, CN' t- LoLO c 1 animal from each of these heterologous immunity
m groups (baboons 24 and 30) there was also an
_~ increase in the periportal infiltration. A striking
co

CD
_ feature was the absence of pigment from the Kuppfer

co CV) C14|: o | ||cells in 3 of the animals immunized with S. rodhaini
co ,, r -rP bN _ - LX oic a- whereas pigment was present in all of the pure

c - P _ co _ S. mansoni infections-a possible sign of reduced
metabolism of the S. mansoni in the challenge infec-

.' tion.
Although there were high densities of S. mansoni

C 6 L M eggs in the tissues of the animals immunized with
o Eo0o hybrids, the reactions around the S. mansoni and

00 LO hybrid eggs in the liver and small intestine were less
severe than in the other groups and there was no sign
of the Hoeppli reaction in these animals. A particu-
larly noticeable feature was the absence of reactions

'rM*cSCet O. eD 0 around the large number of eggs in the small
co ,' !

cq
Xci ooq o intestine.

M E c_CsX4 o r - o -o Renal changes were seen in 2 of the baboons in theFS homologous S. mansoni group, in one animal immu-
nized with the S. mansonilS. rodhaini hybrid, and in 2

2 of the animals immunized with S. bovis. There were

0o no eggs in the renal tissues but there were small
cn clumps of round cells in the cortex and some changes
M in the glomeruli.

DISCUSSION
Lu LU C LU

6)UC ) uC0eni -' _ en Baboons with an established S. mansoni infection
0) 0 co C co M

0
o . O were partially immune to reinfection with the homo-

Dl 0>ffi E lQgous parasite, as was shown by their faecal eggI- C2t
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Table 4. Rate of S. mansoni egg production per worm pair

Immunized Immunized Immunized with
Immune Challenge with with S. mattheei/
controls controls S. rodhalni S. bovis S. haematobiumS. rodhaini S. bovis ~hybrid

baboon no. 35, 36 46-49 23-26 27-30 37-41

total tissue eggs 13.9 13.6 16.8 8.5 13.5
per worm pair x 10-3

11.1 12.2 13.1 8.3 14.4

9.1 6.7 12.9 9.7

13.8 8.1 9.7 29.2

mean (S.E.) x 10-3 12.5 (1.4) 12.2 (1.1) 11.2 (2.3) 9.9 (1.1) 16.7 (4.3)

mean 24-hour faecal 225 (23) 284 (55) 360 (75) 230 (38) 346 (53)
egg counts per
worm pair (S.E.) 366 (23) 275 (51) 298 (43) 206 (57) 242 (39)

293 (76) 227 (33) 413 (59) 311 (68)

264 (59) 128 (28) 260 (41) 451 (69)

mean (S.E.) 296 (71) 279 (6) 253 (50) 277 (47) 338 (44)

counts, worm recoveries, and tissue egg counts. This Baboons were partially protected by immunization
observation is in line with work on the rhesus with heterologous cercariae of S. rodhaini and
monkey and the preliminary observations of New- S. bovis that presumably died before maturing, since
some (1956) and McMahon (1967) suggesting that no adults or eggs were found. Fripp (1968) also
baboons can acquire a degree of homologous immu- reported that baboons could not be infected with
nity to reinfection with this parasite. There are also S. rodhaini and although there have apparently been
some indications that Cercopithecus monkeys no previous attempts to infect baboons with S. bovis,
(Ritchie et al., 1967) and Cebus apella monkeys (da rhesus monkeys are virtually refractory (Hsu et al.,
Silva et al., 1969) respond similarly. Webbe & James 1966; Amin et al., 1968). A similar degree of protec-
(1972) have reported that baboons can become tion was achieved in rhesus monkeys immunized
partially resistant to reinfection with S. haemato- against S. mansoni with homologous cercariae irra-
bium. diated so that they died in the skin (Hsu et al., 1969)

Table 5. Intensity of pathological reactions in the tissues related to egg densities

Liver Small intestine Large intestine

Immunizing agent Baboon Average Average Average
no. Mean no. of intensity Mean no. of intensity Mean no. of intensity

eggs per g of eggs per g of eggs per g of
pathology pathology pathology

S. mansoni 31-34 680 + 2 441 + 3 514 + +

35, 36 398 + 1 460 + 2 964 +

S. rodhaini 23-26 247 ++ 519 + 1 110 +

S. bovis 27-30 288 ++ 592 - 1 300 +

S. mattheei/S. haematobium 37-41 532 S. mansoni and 1 1 68 S. mansoni and 2 378 S. mansoni and
hybrid 352 hybrid + 100 hybrid - 710 hybrid ++

S. rodhaini/S. mansoni 42-45 414 S. mansoni and 999 S. mansoni and 1 836 S. mansoni and
hybrid 848 hybrid + 2 675 hybrid - 1 325 hybrid +

challenge controls 46-49 327 + 1 033 + 3 008 ++
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or during migration (Sadun et al., 1964) and also
with bovine schistosome cercariae (Nelson et al.,
1968; Eveland et al., 1969).
The results obtained with the hybrids show that in

the baboon, at least, the presence of an adult worm
infection does not necessarily engender much immu-
nity against reinfection with cercariae. Better results
were expected, particularly with the S. rodhainil
S. mansoni hybrid, which is genetically very close to
S. mansoni and, like the S. mattheei/S. haematobium
hybrid, gives rise to a well-established adult worm
infection in baboons. A possible explanation for the
poor result with the S. rodhainilS. mansoni hybrid is
that it was allowed to act for only 11-12 weeks
before challenge, compared with 17-18 weeks for the
other immunizing infections. Differential egg counts
showed that the faecal egg output of the established
hybrid immunizing infection was not affected by the
immune response against the challenge infection, and
a similar failure of inhibition of egg production by
adult worms of the challenge infection was noted in
three of the immunized groups. These are examples
of " concomitant immunity " as demonstrated by
Smithers and his colleagues. They considered that
this concomitant immunity was stimulated by the
adult worms rather than the migratory schisto-
somules; their observations using a worm transfer
technique for studying immunity to S. mansoni in
rhesus monkeys indicated that the adult worms were
the most potent stage of the parasite in the develop-
ment of resistance (Smithers & Terry, 1969;
Smithers, 1972). However, Damian et al. (1972),
using similar techniques on baboons, found that " no
immunity was conferred by surgical implantation of
80 worm pairs of S. mansoni followed by percutane-
ous exposure two to three months later to 2 000
cercariae ". These results, together with our own

observations, suggest that the adult worms may be of
less significance than the schistosomules in immunity
to S. mansoni in baboons. This conclusion is of
considerable importance for the development of live
vaccines, since attenuated early stages of the para-
sites or heterologous infections that fail to mature
are more likely to be used than parasites that mature
and produce eggs, giving rise to a much more
dangerous pathological condition.
The egg count data and the pathological studies

indicate that although partial immunity to a chal-
lenge occurred in some cases, none of the systems
was sufficiently immunogenic to prevent the deposi-
tion of eggs in the tissues completely. The inevitable
result was some degree of host reaction, usually
related to the density of eggs in the various organs.
Egg distribution varied according to the group;
in the immunized groups more S. mansoni eggs
were found in the liver and small intestine and
fewer in the large intestine than were found in the
control animals. Amin et al. (1968) and Foster &
Broomfield (1971) have made similar observations on
immunized rhesus monkeys, and Cheever (1969)
observed this effect in chronically infected rhesus
monkeys as well as in human cases of Symmer's
fibrosis. The renal changes observed are being inves-
tigated further to see if immune complexes can be
detected in the kidneys, as suggested by the work of
da Silva et al. (1970) and Andrade et al. (1971).
Further studies are obviously necessary to assess the
pathological effects of immunization procedures at
different intervals, both in the early stages, when
changes caused by the migratory phases of the
parasite may be seen, and also after a longer period,
to determine if there are any residual sequelae of the
more intense reaction seen in the livers of animals
immunized with S. bovis and S. rodhaini.
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RItSUMIt
ETUDE DE L'IMMUNITE HtTEROLOGUE DANS LA SCHISTOSOMIASE:

7. OBSERVATIONS SUR LE DEVELOPPEMENT D'UNE IMMUNITE HOMOLOGUE ET HETEROLOGUE
ACQUISE ENVERS SCHISTOSOMA MANSONI CHEZ DES BABOUINS

On a tente d'immuniser des babouins (Papio sp.) contre
Schistosoma mansoni par divers proc6des: a) exposition
unique i 500 cercaires de S. mansoni; b) 1-2 expositions

i un total de 1 250 cercaires d'un hybride S. rodhainilS.
mansoni; c) exposition unique i 1 000 cercaires d'un
hybride S. mattheei/S. haematobium; d) expositions rep6-
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tees a un total de 18 000 cercaires de S. bovis ou de
51 000 cercaires de S. rodhaini. On a laiss6 l'infection
immunisante se developper pendant 17-18 semaines dans
chaque cas, sauf chez les babouins exposes a l'hybride
S. rodhainilS. mansoni (11-12 semaines) avant de pro-
ceder i l'infection d'epreuve par 500 cercaires de S. man-
soni. L'intervalle entre l'infection d'epreuve et la derniere
exposition immunisante a varie de 2 'a 18 semaines. Les
animaux ont ete sacrifies 13-16 semaines apres l'infection
d'6preuve et perfus6s; les S. mansoni adultes ont et6
aussi recherch6s dans les organes, et les ceufs dans les
feces et les tissus.

Les babouins exposes a 500 cercaires de S. mansoni
ont developpe une immunite partielle it 1'egard de la
reinfection par le schistosome homologue. Les souches
hybrides ont suscite une immunite plus faible, bien
qu'ayant produit des vers adultes; la cause en est peut-
etre, dans le cas de la souche S. rodhainilS. mansoni,
la moindre duree de la periode d'immunisation. Quant
i 1'exposition repetee i des cercaires de S. rodhaini ou
S. bovis, elle a aussi provoque une immunite partielle.
Aucun des schemas d'immunisation n'a reussi 'a empe-

cher le depot d'un nombre considerable d'ceufs de
S. mansoni dans les tissus. Leur r6partition n'etait pas
la meme que chez les animaux t6moins: ils etaient plus
abondants dans le foie et l'intestin grele et moins nom-
breux dans le gros intestin. Chez les singes immunis6s
par S. bovis et S. rodhaini, on notait la presence d'une
intense reaction de Hoeppli autour des ceufs depos6s dans
le foie. Des num6rations differentielles d'ceufs dans les
selles des babouins immunises a l'aide de schistosomes
hybrides ont montr6 que ni la fecondit6 des adultes
hybrides ni celle des adultes de S. mansoni n'etait alt6ree
par la reaction immunitaire.

I1 resulte de ces observations que la presence de vers
adultes n'est pas indispensable a la production d'un
degre eleve d'immunite contre une reinfection, qui peut
etre suscite par les stades initiaux du parasite. Cependant
la reponse immunitaire n'a dans aucun cas empeche le
depot d'aeufs dans les tissus et l'infection d'epreuve a
provoque des lesions notables. L'exposition a des cer-
caires de schistomes h6t6rologues semble un procede
d'immunisation prometteur mais exigeant de nouvelles
recherches.
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