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Abstract

Schistosomiasis japonica, caused by the trematode Schistosoma japonicum, is a zoonotic
disease with significant impact on public health in endemic regions in China, the
Philippines and Indonesia. The pig is important in transmission of the infection, and is
also used as an experimental animal in schistosomiasis research. The main objective of
this thesis was to explore the pig as an animal model for pathological and pathogenetic
aspects of human schistosomiasis japonica. Gross and histopathological changes in pigs
after experimental infections of different intensity and duration were evaluated and related
to parasitological variables. The hepatic egg granuloma was investigated with
immunohistochemical methods. Naturally acquired infections in pigs were examined and
compared to experimental infections. Lesions were essentially confined to the large
intestine and liver. In the experimentally infected pigs, liver lesions were proportional in
degree to the intensity of infection. Gross lesions in the intestine included multifocal areas
of hyperaemia and haemorrhages, resembling those of acute human schistosomiasis
japonica. Gross liver lesions were white nodules and fibrosis. Microscopically, several
characteristic features of schistosomal hepatic fibrosis, including granulomatous
obstruction of portal venules and periportal fibrosis, were present. Hepatic fibrosis was
marked in early patency in the experimentally infected pigs with high intensity infections,
and then regressed spontaneously. The degree of hepatic fibrosis was correlated with liver
egg and granuloma density in both acute and chronic stages of infection, and liver egg
density was correlated with faecal egg excretion in the acute stage. Faecal egg excretion
could thus be used as an indicator of hepatic pathology in acute infections. The egg
granuloma showed expression of MHC class II antigen and involved CD4"* T cells, as well



as CD8* T cells, B cells and IgG. Signs of a modulated granuloma formation were
apparent in the liver, but not in the intestine of the naturally infected pigs, and other
organ-related differences in granuloma composition were also found. Self cure was
observed in the experimentally infected pigs with high intensity infections, but not in the
naturally infected pigs. Natural infection, in contrast to experimental infection, was
associated with clinical disease and reduced weight gain in young pigs. The results
indicate that the pig would be a useful animal model for studies of acute intestinal disease,
early hepatic fibrogenesis, spontaneous resolution of hepatic fibrosis, and granuloma
development and regulation. In addition, the pig could be used for examining the effect of
a schistosome infection on the nutritional status of the host.
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Abstract

Hurst, M. 2000. Schistosomiasis japonica in the pig. Aspects of pathology and
pathogenesis.

Schistosomiasis japonica, caused by the trematode Schistosoma japonicum, is a zoonotic
disease with significant impact on public health in endemic regions in China, the
Philippines and Indonesia. The pig is important in transmission of the infection, and is
also used as an experimental animal in schistosomiasis research. The main objective of
this thesis was to explore the pig as an animal model for pathological and pathogenetic
aspects of human schistosomiasis japonica. Gross and histopathological changes in pigs
after experimental infections of different intensity and duration were evaluated and related
to parasitological variables. The hepatic egg granuloma was investigated with
immunohistochemical methods. Naturally acquired infections in pigs were examined and
compared to experimental infections. Lesions were essentially confined to the large
intestine and liver. In the experimentally infected pigs, liver lesions were proportional in
degree to the intensity of infection. Gross lesions in the intestine included multifocal areas
of hyperaemia and haemorrhages, resembling those of acute human schistosomiasis
japonica. Gross liver lesions were white nodules and fibrosis. Microscopically, several
characteristic features of schistosomal hepatic " fibrosis, including granulomatous
obstruction of portal venules and periportal fibrosis, were present. Hepatic fibrosis was
marked in early patency in the experimentally infected pigs with high intensity infections,
and then regressed spontaneously. The degree of hepatic fibrosis was correlated with liver
egg and granuloma density in both acute and chronic stages of infection, and liver egg
density was correlated with faecal egg excretion in the acute stage. Faecal egg excretion
could thus be used as an indicator of hepatic pathology in acute infections. The egg
granuloma showed expression of MHC class II antigen and involved CD4" T cells, as well
as CD8" T cells, B cells and IgG. Signs of immunomodulation of the granuloma were
apparent in the liver, but not in the intestine of the naturally infected pigs, and other
organ-related differences in granuloma composition were also found. Self cure was
observed in the experimentally infected pigs with high intensity infections, but not in the
naturally infected pigs. Natural infection, in contrast to experimental infection, was
associated with clinical disease and reduced weight gain in young pigs. The results
indicate that the pig would be a useful animal model for studies of acute intestinal disease,
early hepatic fibrogenesis, spontaneous resolution of hepatic fibrosis, and granuloma
development and regulation. In addition, the pig could be used for examining the effect of
schistosome infection on the nutritional status of the host.

Keywords: Schistosoma japonicum, pig, pathology, granuloma, MHC class II, CD4,
modulation, hepatic fibrosis, self cure, weight gain.
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ELISA
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IFN
Ig
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IL
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major histocompatibility complex
natural killer
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Introduction

General background

Schistosomiasis, also known as bilharziasis, is one of the major parasitic diseases
affecting man and animals in tropical and subtropical countries. It is caused by
infection with trematodes belonging to the genus Schistosoma (blood flukes),
which inhabit the vascular system of their final hosts. Schistosomes have an
indirect life cycle with various species of fresh water snails as the intermediate
host [143]. The habitats of the snails determine the geographic distribution of
endemic schistosomiasis. The three major species that infect humans are
Schistosoma mansoni and S. japonicum, which cause intestinal schistosomiasis,
and S. haematobium, which leads to urinary schistosomiasis. Schistosoma
mansoni and S. haematobium occur endemically in Africa and the Middle East, S.
mansoni also in the Caribbean and South America, and S. japonicum in the Far
East. In 1993, about 200 million people in 74 countries were estimated to be
infected with schistosomes, and 500-600 million living in endemic regions were
at risk of being infected [166]. The infection may lead to chronic ill health, and
has serious consequences for socio-economic development in endemic regions
[139].

Schistosoma japonicum- is unique among the species that infect man in that it is
zoonotic and also infects several species of domestic and wild mammals [70, 73,
98]. Domestic animals infected with S. japonicum contribute to contamination of
the environment with schistosome eggs, and have an important role in
maintaining transmission in endemic areas [57, 106, 127, 167, 177]. In addition,
disease caused by S. japonicum in livestock leads to reduced productivity and
considerable economic losses [43, 50, 51, 67, 146].

The major pathogenetic factors in schistosomiasis are not the worms, but their
eggs, which trapped in the tissues of the host induce granuloma formation and
fibrosis [156]. The most serious consequences of schistosomiasis japonica are
seen in the liver, where a continuous influx of eggs with time leads to chronic
fibro-obstructive disease and portal hypertension [138]. Schistosomiasis japonica
has been studied experimentally in mice, rabbits and other laboratory animals and
also in non-human primates [29, 156]. As models of human schistosomiasis,
small laboratory animals have drawbacks, such as their small size and short life
span relative to both humans and the parasites [11]. This makes it difficult to
study the disease at infection levels comparable to those occurring in humans, and
to carry out long-term studies [11, 23]. Among non-human primates, chimpanzees
develop disease that is very similar to human schistosomiasis japonica, but their
use in medical research is questionable for ethical and other reasons [93, 150].

The pig, which has many biological similarities with man, has attracted a lot of
interest as a model of a variety of human diseases [150]. The need for an
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alternative animal model in schistosomiasis research, together with the fact that
the pig is a natural host for S. japonicum, provide the background for the
exploration of the porcine model of schistosomiasis japonica that is the aim of the
present thesis. The role of the pig in transmission of S. japonicum and the adverse
health effects of the infection in pigs, are additional, important factors, which -
encourage studies of pigs in schistosomiasis japonica research.

Life cycle of S. japonicum (Figure 1)

Schistosoma japonicum is a digenetic trematode with a life cycle that comprises
four stages: one stage within a definitive mammalian host for sexual reproduction,
one stage within a snail intermediate host for asexual multiplication, and two free-
living stages, the miracidium and the cercaria [143, 156]. The intermediate hosts
for the different geographic strains of S. japonicum belong to the genus
Oncomelania, which are small, amphibious fresh water snails able to survive for
prolonged periods out of water. In addition to man, a wide range of domestic and
wild mammals may serve as definitive hosts for S. japonicum, including cattle,
water buffaloes, pigs, sheep, goats, dogs, cats and field rats [57, 70, 73, 77].
Laboratory animals, such as rodents and rabbits, are also susceptible to infection,
as are several species of non-human primates.

The adult worms live in permanent pairs in the mesenteric veins of the definitive
host, where they may survive for several years [62, 99]. The male is 10-20 mm
long and about 0.55 mm wide, whereas the female is longer, 20-30 mm and only
0.3 mm wide. The female is able to produce 1000-3500 eggs per day [37], laid in
clusters in small venules in the intestinal mucosa and submucosa [55, 113]. Each
egg contains an embryo, which matures to a miracidium in 9-12 days and may
survive in tissues for about 21-22 days [70, 113]. Histolytic enzymes secreted
through the eggshell facilitate the passage of the egg through the vessel wall and
the surrounding tissue to the intestinal lumen. The secretions induce an
inflammatory reaction, promoting further tissue destruction. Eggs are expelled
together with extravasated blood, tissue debris and inflammatory cells, a process
believed to be facilitated by peristaltic bowel movements [55, 97]. The time
interval between oviposition and egg excretion is about 6 days [11]. Once
excreted from the host, eggs that reach fresh water will hatch to release the
miracidium. Miracidial hatching is temperature-dependent (10 - 30°C), and is
stimulated by a combination of light and changes in osmotic pressure [113, 143].

The free-living miracidium cannot feed and has to penetrate the correct snail host
within a few hours after hatching [143]. Upon penetration of the snail, the
miracidium changes into a primary sporocyst, in which secondary sporocysts
form in 10-12 days. Numerous cercariae then develop within each secondary
sporocyst and are shed from the snail. The prepatent period in the snail host varies
with the outside temperature from 17-18 days at 30-35°C to several months at
lower temperatures.
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Figure 1. The life cycle of Schistosoma japonicum.

The cercaria is the infective stage for the definitive mammalian hosts. It swims
vigorously in freshwater for only about 12 hours after shedding, but may survive
for 2-3 days [97, 143]. On contact with skin, the cercaria secretes proteolytic
enzymes to facilitate penetration through the skin. During penetration, it loses its
tail and is transformed to the next larval stage, the schistosomulum, which
migrates via the venous circulation to the lungs and then further to the systemic
circulation. After a few days the schistosomulum reaches the portal system of the
liver, where it matures to the adult stage in about 4 weeks. The male and female
adult worms form permanent pairs for sexual reproduction, and move to their
final habitat in the mesenteric and intestinal veins, where oviposition begins. The
prepatent period for S. japonicum is on average about 42 days in humans [37]. In
different experimental studies, the prepatent period was 42 and 36 days for
buffaloes and cattle, respectively, 27-42 days for pigs, and 29-35 days for dogs
[11, 68, 130, 165, 176).
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Although the major route of infection with S. japonicum is through skin contact
with infested water, infection via drinking-water may also occur [97, 114]. In
addition, vertical transmission, leading to congenital infection of the foetus, is
reported [109].

Geographic distribution

The main endemic regions for S. japonicum in China are the provinces Jiangsu,
Anhui, Hubei, Jiangxi and Hunan in the marshland and lake district along the
Yangtze river basin, and the mountainous provinces Sichuan and Yunnan [40,
135]. In the Philippines, endemic foci are found on Luzon, Mindoro, Samar,
Leyte, Mindanao and Bohol islands [40, 87, 127]. In Indonesia, the infection is
confined to Lindu and Napu Valleys in Central Sulawesi [20, 87, 88]. In Japan, S.
Jjaponicum used to be endemic on Honshu and Kyushu islands, but no new
human cases have been recorded since 1978, and the disease is now considered to
have been eradicated [145]. Two schistosome species, S. mekongi and S.
malayensis, which resemble S. japonicum, occur endemically in Southeast Asia,
but do not constitute a public health problem, since the number of infected people
is limited and the morbidity is low [40].

History

Schistosomiasis japonica has occurred since ancient times in Asia [98].
Schistosoma japonicum eggs have been found in corpses buried over 2000 years
ago in Hunan and Hubei provinces in China, and there are descriptions of clinical
symptoms resembling acute schistosomiasis in Chinese medical literature from
400 BC [44, 98, 180]. In modermn times, the first clinical description of
schistosomiasis japonica was given by Fujii in 1847 in connection with an
epidemic in the Katayama area, Hiroshima Prefecture in Japan, although he
attributed the disease to the liver fluke Clonorchis sinensis [60]. Different
Japanese scientists subsequently discovered schistosome eggs in human liver and
in faeces [85, 96, 113] (Figure 2). The aetiology of the disease was finally
established by the finding of adult schistosome worms in the portal veins of cats
and humans [22, 83]. The percutaneous route of infection was demonstrated a few
years later, and several additional species, notably cattle, horses, and dogs were
found to be natural hosts {61, 97]. The life cycle of the parasite was established
by the discovery of the snail host, Oncomelania hupensis nosophora, in 1914
[112].

In China, the disease was known under different names such as Yangtze Valley
Fever and Hankow Fever after important endemic areas [55]. The first report of a
human case of schistosomiasis japonica in China was published by Logan in 1905
[95]. Faust and Meleney [55] described the parasite and the disease in different
definitive hosts, and discovered the intermediate snail host in China, O. h.
hupensis. In the Philippines, human infection was first reported in 1906, and the
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intermediate host, O. h. quadrasi, was discovered in 1932 by Tubangui [127]. In
Indonesia, human cases of schistosomiasis japonica have been known to occur
since the 1930’s, but the intermediate host, O. h. lindoensis was not discovered
until 1973 [19].
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Figure 2. Human liver, chronic schistosomiasis japonica (Drawing from Majima
1888 [96]). This was the first recorded case of Schistosoma japonicum eggs in a human
liver. (A) The left lobe, inferior portion; (B) The cut end of the portal vein; (C) The right
lobe, inferior portion; (D) Vascular part of lesser omentum; (E) Opened gall bladder; (F)
Hepatic ligament.

Pathogenesis

Pathological changes in schistosomiasis are caused by a variety of mechanisms,
e.g. mechanical damage from cercarial skin penetration, larval migration, tissue
reactions to killed organisms, and by antigenic or toxic secretions from the
different developmental stages [156]. By far the most pathogenetic factor is the
miracidium inside the egg. Eggs that fail to get excreted through the intestine
remain in the gut wall, or are swept from the intestine via the venous blood to the
portal system of the liver. Some eggs may reach the systemic circulation and are
carried to the lungs, brain and other organs, or are laid directly at ectopic sites by
aberrant worms [40].

The severity of the disease is influenced by the intensity and duration of infection,
the parasite strain, and genetic factors and immune status of the host [37]. The
most important disease manifestation in schistosomiasis japonica is seen in the
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liver, where the egg-induced granulomatous inflammation and fibrosis of small
portal radicles result in presinusoidal obstruction of the portal blood flow [144].
Eventually, periportal inflammation and fibrosis produce a characteristic lesion
referred to as pipestem fibrosis, in which thick sleeves of fibrotic tissue surround
the intrahepatic branches of the portal vein, largely with preservation of the -
structure of the hepatic lobules. The obstruction of portal blood flow leads to
portal hypertension, splenomegaly, ascites and the development of a collateral
circulation. The reduced portal blood flow is compensated by an increased
arterialisation [4, 158]. Lesions induced by eggs in the lungs, brain and other
organs may also be associated with clinical disease [40].

Pathological manifestations
Liver

In acute human cases, there may be miliary yellowish nodules on the external as
well as on the cut surface [14, 67]. Liver enlargement, particularly of the left lobe,
and increased firmness are typical of the early stage of chronic infection, but as
the disease progresses the liver may become hard and decreased in size [67, 144].
The colour is dark brown due to accumulation of schistosomal pigment, and the
surface in advanced cases is irregular with nodular swellings and deep scars.
Pipestem fibrosis is generally seen on the cut surface [37, 144, 148]. There are
few descriptions of the microscopic liver lesions of acute schistosomiasis japonica
in humans. He and Zhu [67] describe intrahepatic congestion and diffuse
inflammatory cell infiltration in prepatent infections. After the onset of
oviposition, there is congestion, endophlebitis, inflammation of portal areas,
eosinophilic egg abscesses and granulomas. Degeneration and ischemic necrosis
of adjacent hepatocytes may occur. In human schistosomiasis mansoni,
microscopic lesions, as observed in needle biopsy specimens from the liver of
acute cases, were portal infiltration of eosinophils, histiocytes and lymphocytes,
Kupffer cell hyperplasia, and only rare granulomas [3]. Focal single cell necrosis,
hepatocellular cloudy swelling and vacuolisation were also seen. However, in a
few autopsy cases of acute toxaemic schistosomiasis mansoni, there was massive
dissemination of granulomas, often with a necrotic centre, in the liver.

In chronic cases, there is extensive fibrosis and increased vascularisation of portal
areas, which may have an angiomatoid appearance, and numerous eggs are
usually present [2, 144, 148]. Human livers have been found to contain between
2.1 and 881.5 million S. japonicum eggs [37]. Endophlebitis, focal endothelial
proliferation, obstruction, and fibrous thickening of the wall of portal venules are
common, and in some triads the portal venule may be absent [37, 102, 144)]. The
main portal vein is dilated and sclerotic, and may show thrombosis. Many eggs
are calcified and induce little inflammatory reaction, but some are enclosed in egg
granulomas, and embolised eggs in portal venules may also be found. Frequently
interlobular septa are widened and fibrotic, with large numbers of calcified eggs
[40, 67, 148]. The structure of the hepatic parenchyma is basically intact,
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although there may be some degenerative hepatocellular changes and postnecrotic
scarring, particularly near the surface of the liver [102].

Among experimental animals, only chimpanzees develop typical pipestem
fibrosis, but portal pressure is not markedly elevated, due to the development of a
collateral circulation [93]. Rabbits infected with S. japonicum develop marked
periportal fibrosis resembling human pipestem fibrosis combined with cirrhotic
changes after 2-3 months of infection [26, 149]. Despite dilation of porto-
systemic collaterals, portal hypertension is not prominent in rabbits. S.
Japonicum-infected mice do not develop pipestem fibrosis, but get a marked
elevation of portal pressure [155].

Intestine

In man, the worms tend to locate in the inferior mesenteric vein and the superior
haemorrhoidal vein, resulting in a concentration of lesions in the large intestine,
especially the rectum, sigmoid colon and descending colon [14, 39].

In the acute stage of infection there may be patchy areas of hyperaemia,
haemorrhage, ulcerations and small yellowish nodules [63]. Small nodules with
eggs may be found in the appendix. In experimental animals, lesions are in
general multifocal or segmental with a macroscopically normal bowel in between
lesions [29]. This pattern is explained by the tendency of S. japonicum worms to
choose a few major egg-laying sites within the intestinal vasculature [28]. Lesions
are characterised by a thickening of the intestinal wall and ulcerations [25, 55]. In
rabbits, there may be sandy patches due to the presence of large numbers of
calcified eggs, and large abdominal masses of eggs, inflammatory cells and
fibrous tissue (bilharziomas) in mesenteric lymph nodes and the jejunal subserosa
[27]. The location of lesions to a specific segment of the bowel seems to vary
with the host animal species as well as the strain of S. japonicum, but small
laboratory animals in general show more lesions in the small intestine, in contrast
to large domestic animals and non-human primates in which lesions tend to be
concentrated to the large intestine [29, 39]. Chronic intestinal lesions are
characterised by mucosal hyperplasia, pseudopolyposis, ulcerations, thickening
and induration of the intestinal wall, stenosis and, rarely, obstruction [35]. A
correlation between chronic intestinal schistosomiasis and colorectal cancer
exists, but the carcinogenetic mechanisms involved are not known {37, 78].

Microscopically, there are microabscesses containing egg clusters which may
communicate with mucosal crypts, and perioval granulomas in the deeper layers
of the intestinal wall [55, 156].

Spleen

In chronic schistosomiasis japonica, the spleen may be enlarged and congested,
secondary to portal hypertension [37]. The capsule is often thickened and
adherent to surrounding tissues. There may be reticuloendothelial hyperplasia,
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follicular atrophy and fibrosis. Eggs and granulomas are rarely found in the
spleen.

Lungs

Pulmonary haemorrhage caused by migrating schistosomula were noted in S.
Japonicum-infected rabbits and mice [55], and a marked inflammatory response to
migrating schistosomula after repeated infections has also been observed in
experimental animal studies [37]. Pulmonary obliterative arteriolitis induced by
granuloma formation around embolised eggs occurs in man as well as in
chimpanzees and other non-human primates [37, 93].

Brain

Initially, eggs may be detected in the leptomeninges and cerbral cortex [37].
Disseminated egg embolism leads to randomly distributed egg granulomas, but
large solitary lesions characterised by granulomatous inflammation and large
numbers of eggs are also found, presumably as a result of egg deposition by
aberrant worms [131]. However, no adult worms have ever been detected in
human brain. There is perivascular cuffing of plasma cells, eosinophils and
lymphocytes [122]. Eggs are rarely found in the brains of experimental animals,
although adult worms have been detected in monkeys and pigs [40].

Other organs

Immune complex-mediated glomerulonephritis, frequently seen in advanced cases
of schistosomiasis mansoni, is apparently rare in schistosomiasis japonica [159].
It has been demonstrated in mice and rabbits, and renal amyloidosis may occur in
the latter species [27, 94, 133]. Ectopic lesions due to dissemination of eggs via
the systemic circulation may be found in almost all organs of the body, but are
rare [40, 63].

Disease syndromes and clinical signs
Cercarial dermatitis

Cercarial penetration of the skin may result in local pruritus, erythema and
papules. This is rather uncommon in endemic populations, but may occur in
visitors from non-endemic regions [40, 63, 138]. Cercarial dermatitis is more
often the result of penetration by cercariae of bird or rodents, a condition referred
to as swimmer’s itch [156].

Acute schistosomiasis japonica (Katayama fever)

Acute schistosomiasis japonica occurs after heavy infections, and the
development of clinical signs usually coincides with the onset of egg production
by the female worms [122, 138, 156]. It is clinically characterised by fever, chills,
headache, general muscular pain, coughing, loss of appetite, nausea, abdominal
pain and distension, and diarrhoea or dysentery with bloody, mucoid stools [37,
63, 122]. The liver may be enlarged and tender, and splenic enlargement may also
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occur. Diffuse pulmonary infiltrates can be detected on radiological examination.
There is always marked eosinophilia, and anaemia may develop as the disease
progresses into the subacute or early chronic stage. Neurological signs indicating
cerebral involvement are relatively rare, occurring in 2-4% of acute cases [63,
82]. Acute disease may occur as epidemics during the rainy season, especially in
flooded areas [37].

Chronic schistosomiasis

Intestinal disease

There may be pain in the lower abdomen, and diarrhoea, with or without blood
and mucus, is common [37]. Diarrhoea sometimes alternates with constipation,
and an abdominal mass caused by thickening of the mesentery may be palpable.

Hepatosplenic disease

Hepatosplenic schistosomiasis may be associated with fatigue, weekness,
abdominal pain and diarthoea [135]. The liver, especially of the left lobe, is
usually enlarged in the early chronic phase of hepatosplenic schistosomiasis [37].
Enlargement of the spleen may occur at this stage, but is more common in the
later stage as a consequence of portal hypertension and passive congestion. Portal
hypertension is associated with ascites, abdominal collateral vein dilatation and
gastro-oesophageal varices, but liver function is usually not seriously impaired
[144]. Haematemesis and melaena as a result of ruptured gastro-oesophageal
varices are common, and bleeding episodes may be complicated by hepatic coma.
Upper gastro-intestinal haemorrhage is a major cause of mortality in advanced,
chronic human schistosomiasis japonica [37, 63, 144]. Severe hepatosplenic
schistosomiasis was formerly common, but its prevalence is now reduced [135].

Other clinical manifestations

Cerebral involvement in schistosomiasis may be clinically manifested as
meningoencephalitis in the acute phase of infection, and as epileptic seizures in
the chronic phase [37, 131]. Some cases are asymptomatic. Lung involvement in
the chronic stage of infection is rare, but if clinical signs are present, they are
related to pulmonary hypertension and cor pulmonale [37, 63, 124].

Growth retardation

Schistosomiasis-related dwarfism, as a result of heavy or repeated infection in
childhood, was formerly quite common in China [37]. These dwarfs showed signs
of pituitary dwarfism, such as retarded physical growth and sexual development,
in addition to other symptoms of schistosomiasis [67]. Dwarfism is now rare, but
S. japonicum infection has been shown to be associated with retarded growth and
development in children in China as well as in the Philippines [104, 105]. Growth
reduction was manifested as decreased fat, muscle, and long bone growth, and
was most marked during adolescence.
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Immunopathology
Schistosomula and adult worms

Adult schistosomes evade the immune system of the host by incorporating host-
derived macromolecules into their tegumental membrane and by losing
expression of their own antigens [126, 141]. The larval schistosomula stage, in
contrast, is vulnerable to attack by host immune mechanisms, and may be killed
via antibody-dependent cellular cytotoxicity (ADCC) mediated by eosinophils
and IgE, as well as via antibody-independent mechanisms [16].

The egg granuloma

Secretions from the miracidium within the egg induce a strong immune response,
but the miracidium itself is protected by the egg shell. The egg shell functions as a
nidus, around which macrophages and their derivatives, epithelioid cells and
multinucleated giant cells accumulate and become organised [163]. Other
inflammatory cells, mainly lymphocytes and eosinophils, but also neutrophils,
mast cells and fibroblasts are involved in the egg granuloma. Fibroblasts produce
a collagenous matrix that gives structural support to the inflammatory cells. The
formation of a granuloma is a complex, dynamic process lasting several weeks,
during which it undergoes stages of initiation, maturation and involution, and
finally heals as the egg is destroyed, leaving a fibrous scar [74, 154, 163].
Granuloma formation is beneficial in that the granuloma protects the host from
the harmful egg secretions and eventually destroys the egg, but detrimental in that
it also leads to considerable tissue damage and fibrosis [91, 156].

Experimental studies in mice have shown that the S. mansoni-induced perioval
granuloma is a manifestation of T cell-mediated delayed hypersensitivity [153]. It
is dependent on MHC class I-restricted CD4" Th lymphocytes specific for egg
antigens [71, 100]. Granuloma formation around mature viable eggs in murine
schistosomiasis is vigorous in the acute stage of infection, but is reduced in the
later, chronic stage, a phenomenon called immunomodulation [49]. Granuloma
size is frequently used as an indicator of both hypersensitivity and modulation.
Modulation is essential for the survival of the host, since the extensive tissue
damage and fibrosis caused by the unmodulated, vigorous granulomatous
inflammation leads to serious hepatosplenic disease [33, 155].

CD4" Th cells can be divided into two subsets, Thl and Th2, depending on the
cytokine profile that they are associated with. Th1 responses are accompanied by
secretion of IL-2 and IFN-y, and Th2 responses are characterised by secretion of
IL-4 (promoting IgE production), IL-5 (stimulating eosinophil differentiation),
and IL-10 [34]. Vigorous granuloma formation in murine schistosomiasis
mansoni is associated with a Th2-like cytokine profile, whereas a Thl-like
cytokine profile is associated with formation of smaller granulomas. The down-
regulation of granuloma size is complex. Several mechanisms may be involved,
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such as CD8" T suppressor cells and NK cells, at least partly via secretion of IFN-
¥, B cells through an Fc- receptor dependent mechanism, antiidiotypic T cells, and
immune complexes via downregulation of MHC class II [1, 66, 79, 128, 132].

The murine S. japonicum egg granuloma is also T cell dependent and involves a -
Th2-like cytokine profile in the acute stage of infection [142, 171, 174].
Modulation of the murine S. japonicum egg granuloma in chronic infections is
believed to be mediated mainly via regulatory cross-reactive antibodies, whereas
cellular mechanisms have a regulatory role in the acute phase of the infection [30,
120, 121].

Fibrosis

Most pathology associated with chronic schistosomiasis is due to fibrosis, which
in mice is directly associated with the egg granulomas [8, 33]. Fibrosis is a
dynamic process of deposition and resorption of extracellular matrix constituents,
e.g. glycosaminoglucans and collagens [110]. Collagen synthesis and degradation
peak when the granulomas are most vigorous and decrease in the chronic phase.
The immunoregulation of fibrosis is probably partly independent from that of the
granulomatous inflammation [32, 86]. Imature fibrous tissue is rapidly
degradable, when the initiating cause is removed, whereas mature collagen is
stabilised by cross-linking molecules, which block collagenolytic enzyme
activity, rendering the tissue more resistant to degradation [8]. Murine S.
Japonicum-induced hepatic fibrosis has been shown to regress progressively after
treatment with praziquantel [6], and hepatic pathology in humans may also be
slowly reversible after chemotherapy [18]. However, advanced pipestem fibrosis
may not be improved by treatment [119].

Diagnosis
Direct parasitological methods

Several methods can be used for the diagnosis of schistosomiasis japonica. Direct
parasitological methods detect eggs in faeces or tissues and are highly specific
[37]. A commonly used method for stool examination is the modified Kato-Katz
thick-smear technique, which is quantitative and suitable for population-based
surveys of prevalence and intensity of infection [84, 135]. The sensitivity of
methods based on faecal egg detection may be low and light infections may not
be detected. The miracidial hatching test is a non-quantitative, but sensitive test
for detection of viable eggs [135]. Microscopic examination of rectal biopsies for
detection of eggs is a highly specific and sensitive method, but the invasive
technique limits its large-scale use [37]. Eggs or parasites may also be detected in
biopsies from other organs, especially the liver [88].

Indirect methods

Indirect diagnostic methods detect pathological changes induced by infection.
Hepatosplenomegaly can be diagnosed by clinical examination [37]. Liver biopsy
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may reveal characteristic granulomas and fibrosis [2, 88, 144]. Various
biochemical markers, e.g. procollagen II, hyaluronic acid, collagen IV and
laminin may be used to assess liver fibrosis [135]. Imaging techniques, such as
ultrasound, magnetic resonance imaging, and computer tomography scanning are
used to detect typical hepatic lesions [17, 118, 160], and also to monitor their -
post-treatment resolution [119].

Serological methods

Serodiagnostic methods measure the immune response to egg and worm antigens.
A range of antigens and test systems may be used, such as the circumoval-
precipitin test, ELISA, IHA, and indirect immunofluorescent assay [37]. These
tests are as a rule of higher sensitivity, but lower specificity than stool
examination tests, and past and present infections cannot be differentiated. In
contrast, circulating schistosome antigens can be used as markers for an ongoing
infection, as well as for evaluation of the effect of chemotherapy and different
assays have been developed, but are not yet in large-scale use [135].

Treatment and control
Chemotherapy

Various drugs, e.g. trivalent antimonials and furapromidum, have been used for
treatment of schistosomiasis japonica in the past, but are now largely discarded
due to long treatment periods, impractical administration procedures, and toxicity
[36]. Praziquantel, developed in the late seventies, is now the preferred drug due
to its efficacy, easy administration, and low toxicity [45, 139]. It is effective
against the early schistosomula stage and adult worms and also kills mature eggs
present in the tissues of the host by inducing miracidial hatching, but has little
effect on the developing larval stages 3-21 days after infection [101, 135]. The
current community-based treatment regime is a single oral dose of 40 mg/kg for
humans and 25 mg/kg for bovines [90]. Pigs have been successfully cured of
experimental S. japonicum infection with a single oral dose of 40 mg/kg [81].
Treatment leads to parasitological cure and reduced morbidity, but offers no
protection against reinfection [90].

Chemoprophylaxis

Since praziquantel has no effect on maturing schistosomula, it cannot be used
prophylactically. An antimalarial drug, artemether, has been shown to be effective
against the larval schistosomula stage in animal experiments, and its usefulness as
a chemoprophylactic agent in humans has been assessed in field trials [170]. It
was found that artemether could prevent the establishment of a patent infection in
high-risk groups, such as flood-control workers, and thus may become an
additional tool in schistosomiasis control. However, the risk of drug resistance
developing in malaria parasites must be considered before artemether is used for
chemoprophylaxis in areas endemic of both schistosomiasis and malaria [170].
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Control

Control of schistosomiasis is aimed at reducing the transmission as well as the
morbidity of the infection [161, 164]. Transmission can be interrupted by
reducing water contact of definitive hosts and by reducing contamination of the
water with eggs. Provision of safe water, improved sanitation, health education
and community participation are all important factors for achievement of this aim
[138, 139, 161]. Snail control by the use of molluscicides and by modification of
the environment to decrease snail habitats also diminishes transmission [90].
Chemotherapy is not only instrumental in reducing morbidity, but also contributes
to reduced transmission levels by stopping or lowering egg output in treated
individuals [47].

In the past, schistosomiasis japonica was a disastrous public health problem in
China with over 10 million infected, and this led to the establishment of a national
control program in 1955 [41]. Control mainly based on snail control,
chemotherapy and health education has since then led to eradication of
schistosomiasis in some parts of China, and greatly reduced levels of infection in
others [134, 139]. About 0.9 million people are currently infected with S.
Japonicum in China [42]. However, control of schistosomiasis japonica is
extremely difficult due to the wide range of animal species that are naturally
infected. Domestic animals, especially cattle, buffaloes and to some extent pigs,
are the most important reservoir hosts for humans in China, and over 100 000
bovines are at present estimated to be infected [90]. Current control programs in
China take this into account and include chemotherapy with praziquantel for both
humans and livestock [80, 90, 167, 177].

A substantial threat to schistosomiasis control in China is posed by the
construction of the Three Gorges Dam on the Yangtze river [140]. This dam will
create a 600 km long lake upriver that will be located between the two major
transmission zones for S. japonicum. It is feared that the parasite and the
intermediate host might be introduced into the lake as a result of migration of
people and increased river traffic, and once established it would be very difficult
to eradicate [135]. Transmission patterns may change in the down-stream S.
Japonicum-endemic region as well due to the marked ecological changes caused
by the dam.

In the Philippines, the prevalence and intensity of infection have decreased,
mainly as a result of large-scale chemotherapy, but over 0.5 million people are
still estimated to be infected, and 10 million live in endemic areas [123]. Field

rats are considered to be the most important reservoir hosts in the Philippines
[57).

Vaccine development

Chemotherapy with praziquantel is highly effective, but needs to be repeated
frequently due to reinfection [90]. This is costly and increases the risk of S.
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Japonicum resistance to praziquantel. Considerable efforts are therefore put into
the development of a vaccine against schistosomiasis japonica for livestock as
well as humans [108, 146]. Various levels of immunity have been induced in
cattle, buffaloes and pigs by vaccination with attenuated cercariae or
schistosomula [76, 136, 137, 172], but these vaccines are impractical for large- .
scale use. Promising results have been achieved using defined native and
recombinant S. japonicum antigens, e.g. paramyosin and glutathione-S-
transferase, especially in buffaloes, sheep and pigs (for a review, see [108]). No
vaccine candidate has yet given complete protection, but even partial protection
induced in livestock, especially bovines, is expected to have a major impact on
human transmission.
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Objectives of the study

The overall objective of the present work was to explore the pig as an animal
model for pathological and pathogenetic aspects of human schistosomiasis
japonica. More specifically, the objectives were: ‘

e To study gross pathological and histopathological changes after experimental
S. japonicum infections of different intensity and duration, and relate these
changes to parasitological variables.

e To characterise the immunomorphology of the S. japonicum egg granuloma
in the pig in acute and chronic stages of infection.

¢ To investigate the course and pathology of naturally acquired schistosomiasis
japonica in pigs and compare this with experimental observations.

Materials and methods

This thesis is based on three studies of experimentally S. japonicum -infected pigs
from two experiments, experiment A (papers I-II) and B (paper III), and one field
study of naturally infected pigs (paper IV). A summary of the materials and
methods used for each study is presented here. For detailed descriptions, see the
different papers.

Animals and study designs
Papers I-111

The pigs used for experimental infections were Danish Landrace/ Yorkshire/
Duroc cross-bred pigs, raised and kept at the Specific Pathogen-Free (MS-SPF)
swine research farm Sjaelland III, Denmark. The MS-SPF designation implies
that the pigs are free from infection with Actinobacillus pleuropneumoniae, swine
dysentery, atrophic rhinitis, mange and lice, but not from infection with
Mpycoplasma hyopneumoniae. The pigs were housed in standard pens under
helminth-free conditions, although all harboured Balantidium coli infections, and
were fed a standard ration of ground barley with water provided ad libitum.
Cercarial exposure procedures were carried out at the swine research facility. At
the end of the experiments, the pigs were moved to the Royal Veterinary and
Agricultural University for perfusion and/or necropsy. The pigs used in these
experiments were treated in accordance with animal ethics laws of Denmark.

Experiment A was designed to examine the effects of infection intensity and
duration on different parasitological, clinico-pathological and pathological
variables (papers I and II). To achieve this, a total of 96 pigs aged 6-10 weeks
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were infected with 0, 100, 500 or 2000 S. japonicum cercariae, and subgroups
were perfused and necropsied 4, 11, 17 or 24 weeks PI. Faecal samples for
parasite egg counts were collected from each pig every 2 weeks. The pigs that
were perfused at 24 weeks PI were weighed and had their blood sampled every
two weeks throughout the experiment. Only the 0, 100 and 2000 cercariae dose
groups were included in the histopathological study (paper II).

The purpose of experiment B was to analyse the immunomorphological dynamics
of egg granulomas at different timepoints after a single infection and to examine
the possible effects on the immunomorphology of a challenge infection. A total of
eight pigs, aged 8-12 weeks at the beginning of the experiment were each infected
with one or two doses of 850 S. japonicum cercariae. Four pigs were infected in
week 0 and were necropsied at 12 or 21 weeks PI. Two were infected in week 0,
challenged in week 12 and necropsied in week 21, and two were infected in week
12 and necropsied at 21 weeks PI. Four additional pigs of the same age served as
uninfected controls and were necropsied at 12 and 21 weeks respectively.

Paper IV

The field study was set up to follow the development of infection in pigs naturally
exposed to S. japonicum daily for one transmission period (April — October) in a
highly endemic region in China, and to examine the resultant pathology at the end
of the season. A farm in Hubei province in the Yangtze River basin was chosen
for the study, in which a total of 19 Landrace pigs born and raised on this farm
were used. The exposed pigs were divided into two groups, group A with 5 pigs
aged 5 months and weighing about 50 kg, and group B with 10 piglets aged 8
weeks and weighing about 21 kg. Group A had previously been exposed to S.
Japonicum, and were seropositive, although faecal egg negative, at the start of the
study, whereas group B were schistosome naive. The four remaining pigs were
unexposed controls. The pigs that were exposed to S. japonicum were allowed
onto the Oncomelania snail-infested pasture during daytime and housed in pens at
night, whereas the unexposed controls were kept penned throughout the study.
The pigs were fed a commercial, pelleted complete pig feed, and regularly
observed. Clinical signs were recorded and rectal temperatures measured. Blood
samples for serology were collected on day 1, 34, 82 and 126, and faecal samples
at the same timepoints and on day 154. At the completion of the study, the pigs
were weighed and transported to a research farm for slaughter and necropsy on
days 167-169.

Parasites and experimental infections
Papers I-IIl

Two different Chinese mainland S. japonicum isolates were used for the
experimental infections. These isolates, originating from Anhui and Zhejiang
provinces in China, respectively, were maintained in Oncomelania hupensis
hupensis snails and passaged in mice at the Danish Bilharziasis Laboratory. Snails
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were exposed to miracidia hatched from eggs recovered from the livers of
infected mice, and cercariac were obtained by shedding pools of the infected
snails. The pigs were infected via intramuscular injection of cercariae suspended
in Iscove’s medium.

Perfusion for worm recovery
Papers I and IT

The pigs in experiment A were perfused at necropsy for the recovery of worms
from the liver and intestines. In order to achieve a hepatic shift of the worms, the
pigs were given praziquantel (40 mg/kg) orally one hour before perfusion, and
were sedated 30 minutes later with azaperonum (4 mg/kg) i.m. The pigs were
killed by an overdose of pentobarbital (30 mg/kg) i.v. after administration of
heparin (500 IU/kg) i.v. The perfusion fluid was a sodium-citrate buffer with
sodium nitroprusside added as a vasodilator. Perfusion fluid was collected via a
tube inserted into the portal vein and passed through a 45 um sieve for collection
of the worms. The liver and intestine were perfused separately via the hepatic
vein and cranial mesenteric artery, respectively. The perfused worms were
counted according to sex and maturity. The entire intestinal tract was then
examined for residual worms, and their number, sex, viability and location were
recorded. The percentage worm recovery in relation to the initial cercarial dose
was calculated.

Coprological examination
Papers I and IT

Faecal egg counts were determined by a combined filtration and sedimentation/-
centrifugation method [56, 151]. A 5 g sample was washed with 1.2% saline
through a series of 3 sieves with decreasing mesh sizes of 400, 100 and 50 pum.
The material thus collected was washed and sedimented twice, and the remaining
sediment was centrifuged. One fifth of the sediment was removed by a pipette and
examined for schistosome eggs, giving an egg count equivalent to EPG faeces.
The McMaster technique was used to examine the faeces of all pigs for other
gastrointestinal helminths at the beginning and end of the experiment.

Paper IV

A miracidial hatching test was used to detect excretion of viable eggs. This test,
which is not quantitative, is routinely used when <50 eggs per gram are found in
faecal samples at the Tongji Medical University, China, where the laboratory part
of the study was carried out. Fifty g faeces were homogenised in saline, strained
through gauze, and allowed to sediment. After replacement of the saline with
distilled water, the suspension was kept in a flask for several hours at room
temperature. The neck of the flask was then examined with a magnifying glass to
detect free-swimming miracidia. Salt flotation was used to detect other parasite
eggs and protozoa.
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Tissue egg counts
Papers I, Il and IV

The number of eggs per g (EPG) liver was determined by digestion of a 5 g-
sample of liver tissue in 3% KOH at 37° for 18 hr (papers I-II) and in 5% KOH at
37°C for 2 h or at 4°C over night (paper IV), after which the released eggs were
counted using a counting chamber.

Clinical pathology
Paper 1

Standard laboratory procedures were used to assess haematological variables, i.e.
packed cell volume, haemoglobin concentration, erythrocyte, total leukocyte and
eosinophil counts, and serum albumin concentration, in experiment A.

Serology
Paper IV

Serum samples from each pig were examined with an IHA test for detection of S.
Japonicum SEA-specific antibodies [54] and with an ELISA for detection of
antibodies to both SEA and S. japonicum adult worm antigen [21].

Necropsy and histopathological laboratory procedures
Papers I, Il and IV

After the animals were killed, and after perfusion (papers I and II), the organs
were removed and examined. Gross lesions were recorded and graded as mild,
moderate or marked. Tissue samples were collected from several organs and fixed
in 10% neutral buffered formalin. Intestinal samples were collected from
predetermined segments, and within these, preferentially from areas with gross
lesions and in areas corresponding to mesenteric veins with adult worms or their
remnants. The samples were trimmed, conventionally processed and embedded in
paraffin. Sections, 4 pm thick, were cut and routinely stained with haematoxylin
and eosin, and examined by light microscopy. Additional stains used were
Masson’s trichrome for collagen, resorcin-fuchsin for elastin and Gomori’s stain
for reticulin.

Paper III

Tissue samples from the liver, portal lymph node and spleen were fixed in 10%
neutral buffered formalin and processed and embedded as above, and serial 4 um
sections were cut. Small pieces of the same organs were mounted on strips of
filter paper, snap frozen in liquid nitrogen, and stored at —70°C. Prior to cryostat
sectioning, the samples were embedded in O.C.T. compound (Miles Laboratories
Inc., Elkhart, IND, USA), after which 4 um thick serial sections were cut. The
first and last section of each series of liver tissue sections, comprising
approximately 10 cryostat or paraffin sections, were stained with haematoxylin
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and eosin for morphological assessment, and the sections in between were used
for immunostaining.

Histopathological examination
Paper IT

Eggs present in liver and intestinal sections were counted, classified as intact or
not intact, and the tissue response to eggs was characterised as either an acute
inflammatory focus or as a granuloma. Eggs without or with only minimal tissue
responses were recorded as free eggs. The proportions of free eggs versus eggs in
tissue reactions were calculated. The composition of acute inflammatory foci and
granulomas was recorded in detail. Granuloma diameters were measured with an
ocular micrometer. The distribution of eggs and lesions in the intestinal wall was
recorded. For the liver, the degree of periportal and septal fibrosis was scored as
O=none, 1=mild, 2=moderate and 3=marked, and the sum of the two scores was
used as a measurement of liver fibrosis. Granuloma density was estimated by
calculating the number of granulomas /cm® of liver tissue section using a
semiautomatic digital image and analysis system (Imaging System KS 100,
Kontron Elektronik GmBH, Eching, Germany).

Paper 1IT

Based on the results of paper II, liver granulomas were classified according to
developmental stage into exudative-productive, productive or involutional stages
(see Results). Only centrally sectioned granulomas with eggs were examined. The
number and condition of the eggs and the proportion of all cells in each
granuloma that were eosinophils were noted, and significant fibrosis was
recorded. At least 25 granulomas per pig were examined in the cryostat and
paraffin sections, respectively.

Paper IV

The number of egg clusters, either free of tissue reaction or enclosed in acute
inflammatory foci, and the number of granulomas in the intestine were recorded
for each pig. Granulomas in the intestine and liver were classified according to
developmental stage as in paper III, and the predominant type of inflammatory
cell as well as significant fibrosis were recorded. Granuloma density in the liver
was estimated from the number of granulomas per microscopic low-power field.

Immunohistochemistry

Paper 111

Cryostat sections were fixed in acetone and incubated with 20% normal goat
serum to reduce non-specific protein binding. The sections were then incubated
with monoclonal antibodies against porcine MHC class II, wCD21, yd T cell
receptor, CD4a, wCD8b and wCD25, and with a polyclonal anti-human CD3e
antiserum, using the alkaline phosphatase-conjugated EnVision™ method (DAKO
A/S, Glostrup, Denmark). The sections were developed with Vector®Red
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Alkaline Phosphatase Substrate Kit (Vector Laboratories, Burlingame, CA, USA).
Paraffin sections were pre-treated with 0.05% pronase for antigen retrieval and
with 3% H,0, to quench endogenous peroxidase, and immunostained with
polyclonal antisera against porcine IgG, IgA and IgM by the streptavidin-biotin-
complex/horseradish immunoperoxidase method. The sections were developed
with 3,3’ diaminobenzidine tetrahydrochloride (DAKO). All sections were
counterstained with haematoxylin, permanently mounted with xylene-soluble
medium, and examined by light microscopy. The immunoreactivity of all primary
antibodies was assessed in either lymph node or spleen tissue, and optimal
dilutions were determined. Replacement of the primary antibodies with an equally
diluted negative control serum was used as a regular specificity control protocol.
In each pig, the first 25 of the histologically classified granulomas that were
encountered in the immunostained sections from the same series were examined.
The proportion of the granuloma cells that were immunostained, and the principal
location of the stained cells were determined. The average proportions of CD4"
and CD8" cells for each granuloma stage and timepoint were compared.

Statistical methods
For all statistical tests used, P-values < 0.05 were considered significant.

Paper I

One-way analysis of variance was used to test for differences between subgroup
means of parasitological and clinicopathological parameters. Pairwise
comparisons of the means were done using Scheffe’s range test. The relationships
between numbers of worm pairs, faecal egg counts and liver egg counts were
investigated with Pearson’s correlation test.

Paper 11

Two-way analysis of variance was used to test for differences between subgroup
means of histopathological and parasitological parameters. Figures for liver EPG
and granuloma density were adjusted for the growth of the pigs, assuming liver
weights to be 1.7% of the total body weight at any timepoint [59]. The
relationships between scores for liver fibrosis, and granuloma density and liver
EPG, respectively, were investigated with Spearman’s rank correlation test.

Paper IV

The weight gain of the exposed pigs were compared with that of the controls
using one-way analysis of variance.
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Results

Experimental infections (Papers I-1II)

Parasitology and clinical pathology (Papers I and I)

All 8. japonicum-infected pigs developed patent infections, and the prepatent
period was 6 weeks in most of the pigs. Clinical signs were limited to diarrhoea in
connection with initial egg excretion, and weight gain was not affected by the
infection. Faecal egg excretion peaked at 8-10 weeks PI and was significantly
higher in the 2000 cercariae dose group than in the two lower dose groups at 6-14
weeks PI. From 16 weeks PI, egg excretion was very low in all three dose groups.
Liver tissue egg counts increased significantly between 4 and 11 weeks PI only in
the 2000 cercariae dose group, and tended to decrease thereafter. The number of
viable worm pairs decreased significantly after 11 weeks PI in the 2000 cercariae
dose group, but not in the other groups. There was a strong correlation between
the number of viable worm pairs and egg counts in faeces and in the liver,
respectively, at 11 weeks PL. Liver and faccal egg counts were also correlated at
that timepoint. The only haematological abnormality was eosinophilia with a peak
corresponding to the peak in egg excretion in all infected pigs, although only the
2000 dose group differed significantly from the controls.

Gross pathology (Papers I and II)

Gross lesions were predominantly found in the large intestine and liver, and were
most severe in the 2000 dose group at 11 weeks PI, after which they gradually
decreased. Intestinal lesions were characterised by multifocal aggregates of
hyperaemic foci and petechial haemorrhages. Sometimes echymotic and more
extensive haemorrhages occurred, and the mucosa was occasionally ulcerated. In
the 2000 dose group at 17 weeks PI and in all dose groups at 24 weeks PI,
numerous small nodules with dead worms or worm remnants were detected in the
mesenteric vasculature throughout the large bowel. Liver lesions were typically
disseminated small whitish nodules and multifocal or generalised fibrosis. The
degree of fibrosis was proportional to the initial cercarial dose, and tended to
correlate with liver tissue egg counts. Enlargement of portal lymph nodes was
common, and ascites was seen sporadically. Small intestinal lesions were mild
multifocal hyperaemia and haemorrhages, and occasional worm nodules, and
were found mainly in the 2000 dose group. Occasional small firm nodules were
detected in the lungs. No gross lesions were found in other organs.

Histopathology (Paper II)

Egg-related lesions occurred mainly in the large intestine and liver, and were
detected from 11 weeks PL In the 2000 dose group, eggs and lesions were
abundant at 11 weeks PI and then gradually decreased with increased duration of
infection, whereas the 100 dose group consistently showed mild lesions. In the
intestine, most eggs were in the mucosa and free of tissue reaction. Mucosal
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lesions were typically acute exudative inflammatory foci comprised of recently
laid egg clusters, eosinophils, macrophages, giant cells, and small mononuclear
cells. These foci frequently caused intestinal crypt dilations and disruption of
crypt epithelium, leading to expulsion of eggs and inflammatory cells.
Granulomas of different developmental stages and containing intact or
degenerated eggs were predominant in the submucosa. Early exudative-
productive stage granulomas were large and showed a central accumulation of
mostly degenerated eosinophils, surrounded by loosely organised macrophages,
epithelioid cells and giant cells, and a peripheral zone of eosinophils and small
mononuclear cells. The more mature productive stage granulomas were of
variable size and were dominated by well-organised epithelioid cells and giant
cells in the centre, and infiltration of inflammatory cells at the periphery. Late
involutional granulomas were small and consisted of epithelioid cells and/or giant
cells and showed only slight infiltration of eosinophils and small mononuclear
cells. There was a nonsignificant tendency for involutional stage granulomas to
increase in relative frequency with prolonged duration. Prominent concentric
fibrosis, present in productive and involutional stage granulomas, was uncommon
at 11 and 17 weeks PI, but increased significantly at 24 weeks PI.

In the liver, most eggs were enclosed in productive and involutional stage
granulomas at all timepoints. Intact eggs were rare, and fibrotic granulomas were
common already at 11 weeks PI, with a marked tendency to increase further in
relative frequency at the later stages of infection. Granulomas were regularly
found in portal triads and in interlobular septa. Portal venules showed variable
degrees of endophlebitis, phlebitis and periphlebitis, and were frequently
completely obstructed by granulomas There was a generalised periportal and
septal hepatitis with infiltration of eosinophils and mononuclear cells, and
periportal and septal fibrosis. Some larger portal venous branches showed marked
perivascular fibrosis, but usually only slight inflammation, and eggs were rarely
present. The structure of the hepatic parenchyma was essentially not affected.
Liver granuloma density was significantly higher in the 2000 dose group than in
the 100 dose group at all time-points, and lower at 24 compared to 11 weeks PI
within the 2000 dose group. The total hepatic fibrosis scores were significantly
higher in the 2000 dose group than in the 100 dose group at all three timepoints,
and lower at 17 and 24 compared to 11 weeks PI in both dose groups. The total
fibrosis scores were correlated to granuloma density at all three timepoints, and to
EPG liver at 11 and 24 weeks PL

Tissue reactions to worms in veins of the intestinal wall and mesentery were first
noted at 11 weeks PI, and then became more prevalent at the later stages.
Characteristic lesions were endophlebitis and periphlebitis, thrombophlebitis, and
large granulomas with worm remnants and black schistosomal pigment. Worm
granulomas were occasionally found in the liver as well. Scattered or clustered
egg granulomas were detected in the lungs of a few pigs in the 2000 dose group at
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each of the three later timepoints. Occasional granulomas were noted in
mesenteric and portal lymph nodes and in the stomach in a few of the pigs.

Immunomorphology of the hepatic egg granuloma (Paper III)

In the ecarly stage of infection (9 weeks PI), only large vigorous exudative- -
productive and productive stage granulomas were present. At 12 weeks PI, most
granulomas were of these two stages, but a minor proportion of involutional stage
granulomas was also found. At these two timepoints about a third of the
granulomas displayed viable eggs. In the single-infected pigs at 21 weeks PI, only
productive and involutional stages were present and viable eggs were few,
whereas the primary and challenge-infected pigs killed at that timepoint, in
comparison, showed a small proportion of exudative-productive stage
granulomas, a higher frequency of granulomas with viable eggs, and a higher
granuloma density. Eosinophils constituted about 30-50% of the granuloma cells
in exudative-productive stage, 20% in productive stage, and 10-20% in
involutional stage granulomas, with no difference observed in relation to duration
of infection.

Expression of MHC class II antigen was detected in epithelioid macrophages in
the central zone and in scattered cells in the peripheral zone of all granuloma
stages, and was similar at the different timepoints. All granulomas also contained
CD3" T cells with proportions decreasing from 40-60% in the exudative-
productive stage to 20-30% in the involutional stage. Both CD4" and CDS8*
subsets were present, as a rule with a ratio of the average proportions (CD4:CD8)
of 0.5, although it was lower (0.2) in involutional granulomas at 21 weeks PI in
the single-infected pigs. Occasional yd T cells were detected, especially at 9
weeks PIL T cells were mainly located in the peripheral zone of the granulomas. B
cells expressing the CD21 antigen were prominent in small lymphoid nodules
located eccentrically at the granuloma border, but were rare within the
granulomas themselves. Neither granuloma-associated nodules nor granulomas
showed cells positive for surface-IgM, but diffusely distributed IgG" plasma cells
were detected in the majority of the granulomas. The proportion of these was
about 10% in exudative and productive granulomas, whereas involutional stage
granulomas showed only a few IgG" cells. Cells with cytoplasmic IgA and IgM
were infrequently found and only in low numbers. About 10% of the cells, mainly
lymphocytes, in the peripheral zone of exudative-productive and productive stage
granulomas expressed the IL-2 receptor (CD25), indicating cell activation.
Expression of CD25 was low or undetectable in involutional stage granulomas.

Naturally acquired infection (Paper IV)
Serology, parasitology and clinical signs

All group A pigs were seropositive for S. japonicum in both the IHA test and the
ELISA on all 4 days they were checked, with low antibody levels on day 1 and
34, and a marked increase thereafter. Specific antibodies, at variable levels, were
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only detected from day 82 in group B. The group A pigs were first found positive
on faecal examination using the miracidial hatching test on day 34, and the group
B pigs on day 82. Both groups remained positive until the last faecal samples
were collected, on day 154. The weight gain of group B was reduced with 47% as
compared to that of the uninfected controls, and a lesser reduction (16%) was
noted also in group A. Clinical signs of illness, including fever (40-41°),
diarrhoea and loss of appetite, were observed in five group B pigs on day 82. The
mean liver tissue egg counts were similar in both groups: 372 EPG in group A
and 336 EPG in group B, but individual variation was considerable, with ranges
of 16-1100 EPG in group A and 24-820 EPG in group B. All pigs harboured
Balantidium coli in the intestines. Thirteen pigs (nine exposed and all four
controls) had Ascaris infection and six pigs (five exposed and one control) were
infected with Trichuris suis.

Gross pathology

Gross lesions were in general mild or moderate, and were similar in the two
groups. The caecum, colon and rectum showed multifocal mucosal lesions, either
small hyperaemic foci and petechiae, or mucosal thickenings with a finely
granular surface. Intact worms were frequently found in the mesenteric
vasculature, as were slightly thickened vein segments with black schistosomal
pigment, indicating dead worms. The interlobular network pattern of the liver was
generally increased, and there were disseminated small whitish nodules and
starshaped scars on the surface, and small nodules on the cut surface. In addition,
‘milk spots’ typical of Ascaris larval migration occurred in some of the pigs.
Schistosome worms were rarely found in the liver. Portal lymph nodes were often
enlarged. Occasional findings were slight splenomegaly, mild ascites, and small
pulmonary nodules.

Histopathology

Schistosome eggs and / or lesions related to them were regularly found in the
intestines and liver, and sporadically in lungs, portal lymph nodes, spleen and
pancreas. The histopathology of the intestinal mucosa was characterised by
numerous clusters of immature and mature eggs, often viable-appearing, and
without focal inflammatory reaction, and acute inflammatory foci with egg
clusters, eosinophils, macrophages and giant cells. These foci were frequently
associated with discontinuities of the crypt epithelium, releasing eggs and
inflammatory cells to the gut lumen. In the submucosa, eggs were enclosed in
superficially located granulomas surrounded by a diffuse infiltrate of eosinophils
and macrophages. Granuloma numbers were usually low, but occasionally large
clusters of granulomas associated with marked submucosal fibrosis were present.

Liver lesions were characterised by granulomas in portal triads and interlobular
septa, frequently causing obstruction, and sometimes obliteration, of portal veins
and venules. Mean granuloma density was 1.4 (range 0.8-1.9) for group A and 1.5
(range 0.7-2.5) for group B. Scattered viable or dead eggs without tissue reaction
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were also present. There was mild or moderate diffuse interstitial hepatitis, bile
duct hyperplasia, periportal and septal fibrosis, and granulomatous endophlebitis,
phlebitis and fibrosis of some larger portal veins. Black schistosomal pigment
commonly occurred in macrophages at the periphery of granulomas. Typical
lesions caused by Ascaris larval migration were also frequently present.

Several differences between the intestinal and hepatic granulomatous responses
were found. Most intestinal granulomas were vigorous (exudative-productive and
productive stages), compared to only a minority of those in the liver. Fiftytwo
percent of the intestinal granulomas contained intact eggs compared to 33% of
those in the liver. Intestinal granulomas showed mainly eosinophil infiltration,
whereas lymphocytes predominated in the liver. However, productive and
involutional stage granulomas were frequently fibrotic in both organs. Another
organ-related difference became apparent when granulomas containing intact,
mature eggs were analysed irrespective of developmental stage. In the intestine
the majority of these granulomas (82%) were vigorous compared to only 36% of
the liver granulomas. Most (64%) of the liver granulomas with intact, mature eggs
lacked significant inflammatory cell infiltration, and thus appeared to be
modulated.

Exudative thrombophlebitis or granulomatous endo- and periphlebitis with

luminal obstruction and a marked thickening of the vessel wall were characteristic
lesions related to worms in the intestinal and mesenteric vasculature.
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General discussion

Method of experimental infection

Natural infection with Schistosoma japonicum occurs via cercarial penetration of
the skin or the mucosa of the upper alimentary tract [114]. In the experiments of
this thesis, however, the pigs were infected via intramuscular injection of
medium-suspended cercariae, and thus the skin-penetrating stage was bypassed.
This method was found to result in higher levels of worm establishment and total
egg production than percutaneous methods in an earlier study in pigs [165].
Intramuscular injection of cercariae also has advantages in terms of practicality
and safety. Medium-suspended cercariae lose their ability to penetrate skin [115],
whereby accidental infection of humans is avoided. The rapidity of injection
compared to percutaneous penetration makes it possible to infect a large number
of animals in a limited amount of time, which is of value considering the short life
span of cercariae. The dose of infection is also easier to standardize. However, the
possible consequences of the intramuscular route on the immunological response
are not known, but the number of eggs per female worm recovered from faeces
and liver tissue was similar following percutaneous and intramuscular infection in
the above study [165]. The intramuscular route thus did not appear to
significantly influence the fecundity of the worms, a feature of the population
dynamics of the parasite that is known to be affected by the immune response of
the host [107].

Pathology of the intestine

In both the experimentally and the naturally S. japonicum-infected pigs,
pathological lesions occurred multifocally in the large intestine (papers I, II and
IV). The multifocal or segmental distribution of intestinal lesions due to S.
Japonicum, described in several species, is related to the tendency of worms to
aggregate and remain in the same location for long periods or repeatedly return to
a few specific sites for egg deposition [29]. In commonly used small laboratory
animals, e.g. mice, lesions tend to be concentrated in the small intestine, whereas
in large animals and man, the large bowel is primarily affected [39, 67, 89]. In
humans this may be a result of a preference by the worms to reside in the inferior
mesenteric vein and the superior haemorrhoidal vein [39]. The present results
indicate similar worm behaviour in pigs.

The gross lesions detected in the pigs were hyperaemic foci, petechiae, mucosal
thickenings with a finely granular surface, and occasionally ulcerations, which
were all the result of ongoing egg excretion. Microscopically, the superficial
submucosa showed egg granulomas associated with diffuse inflammatory cell
infiltration, and sporadically in the naturally infected pigs (paper IV),
aggregations of granulomas were associated with submucosal fibrosis. It is
difficult to compare these findings to those of human schistosomiasis japonica,
since most pathological descriptions deal with severe changes of longstanding,
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chronic disease [35, 37, 89]. However, a few reports of acute lesions, based on
proctoscopy or necropsy, describe patchy hyperaemia, ulcerations, mucosal
granularity, and yellowish miliary nodules [63, 67, 122, 147]. The acute phase
may last from a week to several months in humans and is frequently associated
with diarrhoea or dysentery [38, 122]. The present findings thus seem similar to -
those of the acute phase of human disease.

Pathology of the liver

The most prominent lesion in chronic human schistosomiasis japonica, pipestem
fibrosis of the liver, is characterised by thick sleeves of fibrotic tissue surrounding
the intrahepatic branches of the portal vein [144]. In several animal species, S.
Japonicum infection is associated with some degree of hepatic fibrosis, but only
chimpanzees develop characteristic pipestem lesions [29, 93]. Rabbits show
marked periportal fibrosis resembling pipestem fibrosis combined with cirrhotic
changes [26, 149]. In both chimpanzees and rabbits, the lesions develop rapidly
(2-3 months after infection). Mice infected with S. mansoni , but not with S.
Japonicum, may also develop pipestem fibrosis in long-term mild infections [7].
Previous studies in pigs have shown variable results. Marked hepatic fibrosis was
reported in pigs experimentally infected with a Chinese S. japonicum strain, and
in naturally infected pigs in the Philippines [51, 81], but it is not clear from either
of those studies whether the lesions were similar to pipestem fibrosis. In other
studies of pigs, no significant hepatic fibrosis was recorded [73, 130, 176].

The experimentally infected pigs in papers I and II showed hepatic fibrosis,
proportional in degree to the initial cercarial dose. Typical pipestem lesions were
not observed grossly, but several characteristic microscopic features were present,
i.e. egg granulomas in portal areas, portal inflammatory cell infiltration and
fibrosis, destructive lesions of portal radicles, and conservation of hepatic lobular
structure [92]. In addition to periportal fibrosis, inflammation and fibrosis of
interlobular septa were observed in the pigs. Septal fibrosis, i.e. broad bands of
fibrous tissue connecting portal triads, is a typical lesion in humans and rabbits,
and within these septa there are usually large numbers of calcified eggs [2, 27,
118, 148, 149). In contrast, eggs and granulomas were not common in the fibrotic
septa of the pigs, perhaps suggesting a different pathogenesis from that in rabbits
and humans. The observed pattern of septal fibrosis in pigs has similarities with
diffuse schistosomal fibrosis, infrequently reported in human schistosomiasis
mansoni [13, 65].

The hepatic fibrosis observed (papers I and IT) was most pronounced at 11 weeks
PI, and then regressed at the later stages, with the most severe lesions and the
most dramatic regression seen in the 2000 cercariae dose group. The degree of
fibrosis, as assessed microscopically, was correlated with egg and granuloma
density in the liver in the acute as well as in the chronic stage. The regression of
fibrosis was coincident with the death of most of the worms, and ceased egg
production, and both these factors may have contributed to the regression. At 11
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weeks PL, liver tissue egg density was correlated with both faecal egg counts and
the number of viable worm pairs. These results indicate that in the acute phase of
infection, faecal egg counts can be assumed to reflect the infection intensity as
well as the degree of hepatic fibrosis in pigs. A similar correlation between the
number of faecal and hepatic eggs, and the presence of fibrosis in liver biopsies, -
was found in an Indonesian study of 52 humans infected with S. japonicum [88].
A relationship between hepatic fibrosis and intensity of infection has also been
demonstrated in rabbits, in which liver collagen content correlated well with the
number of eggs in the liver as well as with the number of worm pairs [26].

Hepatic fibrosis in schistosomiasis is related to the presence of eggs and the
immunological response to them by the host, but the mechanisms involved are
incompletely understood [34]. In murine schistosomiasis mansoni, the
development of hepatic fibrosis is closely related to granuloma formation. Most
of the fibrosis is believed to be a result of scarring from confluent egg
granulomas, and granuloma-associated fibrosis has been studied in detail in this
model [5, 7, 152, 168]. Soluble antigens from the eggs stimulate CD4" T cells in
the granulomas to secrete a variety of proinflammatory and fibrogenic
lymphokines, and activated granuloma macrophages may secrete fibronectin,
which is chemotactic for fibroblasts [169]. The fibrogenic events in the
granuloma are most active in the early phase of infection and then decrease [110].
However, granuloma size and fibrosis appear to be regulated by partly different
mechanisms [32]. A suggested pathogenesis for pipestem fibrosis, based on
studies of the murine S. mansoni model, is that the increased portal pressure
following obstruction of portal venules leads to opening of small collateral
vessels along the larger portal branches, in which eggs continuously may be
trapped and stimulate fibrosis, eventually resulting in typical pipestem lesions [9].

However, the relationship between granuloma scarring and periportal fibrosis in
larger animal species and man is not straightforward. Andrade [3] stressed the
importance of portal hepatitis for the development of pipestem fibrosis in human
schistosomiasis mansoni. In S. japonicum-infected chimpanzees and rabbits,
fibrosis around larger branches appear before eggs and granulomas are found in
these sites [26, 93]. Grimaud and Borojevic [64], examining wedge liver biopsies
from patients with chronic schistosomiasis mansoni, suggested that portal
hypertension, subendothelial transudation of serum containing worm and egg-
derived toxins and antigens, and the thereby induced inflammation and
proliferation of connective tissue cells from the vascular wall, might act
synergistically to produce portal fibrosis. In accordance with findings in
chimpanzees and rabbits, the pigs examined in paper I and II frequently showed
perivascular inflammation and fibrosis, but rarely eggs and granulomas, in larger
portal veins. In addition, the amount of fibrosis in smaller portal triads and
interlobular septa in general appeared to be extensive in relation to the number of
granulomas. It thus seems unlikely that granuloma scarring would be the major
cause of hepatic fibrosis in pigs. The fibrosis may instead mainly be related to the
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perivascular and diffuse interstitial inflammation, perhaps induced by continuous
low grade irritation by substances derived from eggs and worms, and various
mediators arriving with the portal blood from inflammatory sites in the intestine.

Morphology of the egg granuloma and organ-related differences

The dynamics of the granulomatous reaction to eggs was investigated in papers II,
I and IV. It was possible to classify the granulomas, on morphological grounds,
into three developmental stages: an exudative-productive, a productive and an
involutional stage (paper II). This classification system was based on the
definitions by Hsil et al. {74, 75], and it was found useful for comparisons of the
tissue response both between different groups of pigs, and between the liver and
intestine. Comparison of the experimentally and naturally infected pigs (paper II
and IV), showed that the granulomatous response to eggs in the intestine was
similar, with presence of all three developmental stages in roughly comparable
proportions. Granulomas with prominent fibrosis were common in the naturally
infected pigs, and in the experimentally infected pigs at 24 weeks PL

The pattern for liver granulomas was, however, more varied. In the experimental
pigs of paper III, granuloma dynamics in relation to duration of infection
appeared as follows: at 9 weeks PL exclusively large, vigorous exudative-
productive and productive stage granulomas were found. At 12 weeks PI, both
these two stages were represented, along with some involutional stage
granulomas, and at 21 weeks PI, only productive and involutional stage
granulomas occurred. The proportions of granulomas with intact eggs decreased
from about 30% at 9 weeks to 6% at 21 weeks PI. These findings are consistent
with results of other studies in different species, which have shown a high
proportion of exudative lesions in the early phase of S. japonicum infection, and a
gradual increase in the proportions of productive and healing lesions with
prolonged duration [69, 74, 93].

In the experiment of paper II, the hepatic granulomatous response did not follow
the expected pattern, showing only productive and involutional stage granulomas,
and very few intact eggs already at 11 weeks PI in the 2000 cercariae dose group.
In this dose group, there was a prominent peak in faecal egg excretion at 8-10
weeks PI, and a significant increase in the EPG liver between 4 and 11 weeks PI,
and one would thus have expected numerous newly arrived eggs in the liver
inducing vigorous granulomas at 11 weeks P It has been suggested that eggs that
remain immature or die before reaching maturity may induce productive stage
granulomas directly, bypassing the exudative-productive stage [75]. One
proposed mechanism for this phenomenon is antibody-mediated inhibition of egg
embryonation, leading to less vigorous granuloma formation [111]. Another
plausible explanation for the present observations is immunomodulation of the
granulomas, i.e. a reduction of the size of granulomas formed around viable
mature eggs [49]. This occurs in murine schistosomiasis japonica, where
granuloma size peaks at 8-10 weeks PI, and then decreases spontaneously [121].
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Possibly, the marked difference between the hepatic granulomatous response at
11 weeks PI in the pigs in paper II, and that of the pigs at 12 weeks PI in paper Il
could be related to infection dose (2000 cercariae in paper II and 850 cercariae in
paper III), since mice heavily infected with S. japonicum have been shown to
form smaller hepatic granulomas around eggs than lightly infected mice [31]. One -
could also speculate that the above mentioned inhibitory effect of antibodies on
the immature eggs [111] might have been more pronounced in the high than in the
low dose infections.

The pattern of hepatic granulomatous inflammation observed in the livers of the
naturally infected pigs (paper IV) was similar to that in experimental infection at
21 weeks PI, except that more granulomas with viable eggs were found. The
majority of granulomas with mature, viable eggs were small, involutional type,
lacking significant infiltration of lymphocytes and eosinophils. It seems probable
that those granulomas represented a modulated immune response to eggs. In
contrast, intestinal granulomas with viable eggs in general appeared vigorous in
nature, with no sign of modulation. Another apparent organ-dependent difference
in the naturally infected pigs was that eosinophil infiltration dominated in
vigorous, intestinal granulomas (both exudative-productive and productive stage),
whereas vigorous productive stage granulomas in the liver showed mainly
lymphocytic infiltration. Organ-dependent differences in the granulomatous
response have been noted in other studies as well. Schistosoma japonicum-
infected mice also showed eosinophils predominantly in granulomas of the
intestine, whereas in mice infected with S. mansoni, hepatic granulomas were, in
contrast, more eosinophil-rich than those in the intestine [72, 162].

Immunoreactivity of the hepatic egg granuloma

The results presented in paper III indicated that the hepatic egg granuloma in the
pig was fundamentally an MHC class II-dependent immune reaction involving
CD4" T cells. In both murine schistosomiasis mansoni and japonica, the perioval
granuloma is T cell-dependent, and associated with a Th2-like cytokine pattern in
the early phase of infection [33, 142, 171, 174). The murine S. mansoni -induced
granuloma, which by far is the most studied, is mediated by schistosome egg
antigen-specific MHC class II restricted CD4" Th cells [71, 100]. The present
findings thus suggest basic immunopathogenetic similarities between the porcine
and the murine granuloma. The response may be Th2-dominated in the early
stage of infection also in pigs, since expression of mRNA for IL-4 and IL-10, but
not for IFN-y, was found to be elevated at 10 weeks PI in intestinal and liver
tissue from S. japonicum -infected pigs [125]. Furthermore, eosinophil infiltration
was usually prominent in the present, vigorous granulomas, and the Th2-
associated IL-5, which promotes eosinophil differentiation, has previously been
linked to eosinophil infiltration in schistosome egg granulomas in other species
[33].
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Expression of both CD4 and CD8 was apparent in granulomas of the pigs. The
porcine immune system differs from that in several other species in that
significant numbers of extra-thymic CD4"CD8" double-positive (DP) T cells, in
addition to CD4" and CD8" single-positive (SP) cells, normally are present in
peripheral blood and secondary lymphoid organs [181]. Functionally, these -
CD4'CD8" DP cells are MHC class I-restricted Th cells, which express CD8
when they are activated. They are probably memory cells, since they express
memory T cell markers, increase in number with the age of the pig, and produce
IFN-y [181]. It is reasonable to assume that some of the granuloma cells were
CD4'CDS8" DP cells, a possibility, however, not investigated in the present thesis.
A double-staining indirect immunofluorescence technique would probably be the
method of choice to clarify this matter.

However, the proportion of CD8" cells was in general higher than that of CD4"
cells in the granulomas, which suggests that a significant proportion of the CD8"
cells were of the CD4'CD8" SP phenotype. In pigs, this comprises MHC class I-
restricted T cytotoxic/suppressor cells as well as NK cells [173]. In the murine S.
Jjaponicum model, T suppressor cells have been shown to down-regulate
granuloma size in the acute, but not in the chronic stage of infection [121]. Both
suppressor T cells and NK cells have been shown to be involved in the down-
regulation of the murine S. mansoni granuloma [66, 128], but their importance for
the down-regulation process has been questioned in other studies [71, 129, 175].
There was an increase in the proportion of CD8" cells in involutional granulomas,
while the proportion of CD4" cells remained stable, in the single-infected pigs at
21 weeks PI, but not in the challenge-infected pigs at 21 weeks PI, or at the earlier
timepoints. These results, though ambiguous, suggest that CD8" cells may have a
role in granuloma involution, probably via suppression of immunological activity.
Further investigations are clearly warranted.

B cells and their products are not necessary for granuloma formation in murine
schistosomiasis japonica [30], but appear essential for immunomodulation [121].
B cells seem to have a role in the down-regulation of granulomas in murine
schistosomiasis mansoni as well, since they increase in number in the modulatory
phase, and granulomas in genetically B cell-deficient mice fail to undergo
spontaneous modulation [58, 79].

B cell involvement in the perioval granulomas of the pig was indicated by the
consistent expression of CD21 by cells in small granuloma-associated lymphoid
nodules, and a significant infiltration of IgG' plasma cells in vigorous
granulomas throughout the period of infection studied. The granuloma-associated
lymphoid nodules were similar to lymphoid follicles in the control lymph node
with respect to expression of CD21 and MHC class II, but differed in that cells
expressing surface IgM were lacking. Surface-IgM* and CD21" cells were rare
within the granulomas, despite the presence of numerous plasma cells. This could
be explained by the fact that expression of CD21 is lost during the final
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differentiation of B cells into plasma cells, and that surface IgM is down-
regulated during the Ig isotype switch [46, 48]. It also indicates that B cell activity
preceding the effector cell stage in these granulomas mainly took place in the
associated lymphoid nodules. There appears to be no record of such events in
other animal species infected with schistosomes.

One function of antibody produced within the granulomas may be to neutralize
antigens emanating from the egg, thus preventing release of these antigens to the
surroundings of the granuloma [15]. The locally produced antibody might also
mediate cellular cytotoxicity by binding to Fc receptors on local macrophages and
eosinophils [10]. The predominance of IgG-containing cells over IgA- and IgM-
containing cells in granulomas at all timepoints examined in the present pigs, is
different from findings in murine schistosomiasis mansoni, in which IgM-
secreting cells were most common in hepatic granulomas in both acute and
chronic stages [52], but similar to findings in chronic human schistosomiasis
mansoni [15]. Numerous IgG-containing cells were found in hepatic granulomas
in murine schistosomiasis japonica [30], but the prevalence of cells producing
other isotypes seems not to have been reported in this model.

Clinical disease and effect on growth

About half of the naturally infected young pigs (group B) in the field study (paper
IV) showed fever, anorexia and diarrhoea in the early egg excretion phase.
Although other causes of these symptoms cannot be entirely excluded, the
temporal relation to early egg excretion suggests that they were due to the S.
Jjaponicum infection. In contrast, the only clinical sign observed in the
experimentally infected pigs of comparable age (papers I and II) was mild
diarrhoea in a few pigs in each dose group in connection with initial egg
excretion. Clinical signs previously reported to occur in naturally S. japonicum-
infected pigs, especially in very young pigs, include fever, weakness, depression,
anorexia, cough, nasal discharge, bloody stools, anaemia, emaciation and death
[51, 179]. In older animals, the infection tends to be more chronic, and associated
with distension of the abdomen and enlargement of the liver and spleen, and, in
pregnant sows, with abortions and stillbirths [51, 179]. Experimentally, severe
clinical disease, resembling Katayama fever in humans, has been observed in pigs
after massive cercarial exposure [176], whereas no or very mild clinical signs
were found in other experimental studies using low cercarial doses [81, 130].

It is thus apparent that young pigs may develop serious clinical disease from
natural infection with S. japonicum, and that the infection can be associated with
chronic illness in older pigs. The lower morbidity observed in some experimental
infections could have a variety of explanations, such as the use of single cercarial
exposures compared to the repeated low-level infections over a long time period
presumed to occur in the field. Differences in pathogenicity between different
geographic strains of S. japonicum could also be important, as has been shown in
inbred mice [155].
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It has been demonstrated both in China and the Philippines that S. japonicum
infection in man is associated with stunted childhood growth and development
[104, 105]. Stunted growth has also been reported in naturally S. japonicum-
infected pigs and cattle, but no data on weight changes were presented [51, 67, -
179]. The weight gain of the group B pigs in the present field study was reduced
with 47% compared to that of the uninfected controls, and a lesser reduction
(16%) was noted also for group A. Pigs reared outdoors have been shown to have
a reduced daily weight gain of about 16% compared to pigs reared indoors in pens
[53]. These results may thus have been influenced by the fact that the control pigs
were kept in pens all the time, whereas the exposed pigs were only penned at
night. This difference in management could, however, only explain part of the
reduction of the weight gain in group B. Impacts of coinfections with Trichuris
suis and Ascaris suum were probably only minor, since those occurred in both
controls and principals. The present results thus indicate that S. japonicum
infection naturally acquired under field conditions may markedly influence the
weight gain of young pigs.

Self cure

As reported in paper I, the pigs in the experimental 2000 cercariae dose group had
eliminated most of their adult worms by 24 weeks PI, as evidenced by the
recovery of only a few live worms, the presence of numerous dead worms
enclosed in small nodules in mesenteric veins, and ceased faecal egg excretion.
This apparent ability to self cure some months after infection has been observed
in experimentally infected pigs as well as in water buffaloes in other studies
[178]. However, self cure was not evident in the naturally infected pigs (paper
IV), despite obvious signs of worm death in the vasculature. The timing of
antibody responses and faecal egg excretion for each group showed that group A
had been infected for at least 26 weeks, and group B for at least 18 weeks, by the
time they were killed. At necropsy, most of the pigs showed intact adult worms in
their mesenteric vasculature, and the presence of numerous viable eggs in the
intestinal mucosa indicated recent oviposition. In addition, all of the pigs were
still excreting viable eggs about two weeks earlier.

The difference between experimental and natural infections could, again, be
related to type of exposure, since repeated low level exposures had less impact on
the immune response than high single doses in S. mansoni-infected rhesus

monkeys [157]. In addition, self cure occurred more rapidly in high intensity than
" in low intensity infections with S. japonicum or S. mansoni in rhesus monkeys
[24, 25]. However, in a Philippine study of pigs there was no spontaneous
recovery 5-6 months after single infection with 5000-6000 S. japonicum cercariae
[176]. It thus seems that the ability to self cure is not a universal feature of pigs,
but may be influenced by several other factors, including the geographic strain of
S. japonicum and the pig breed. It is clear that the porcine immune response to S.
Jjaponicum needs to be further investigated.
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Conclusions

e Pathological lesions induced by S. japonicum in the pigs were essentially
confined to the large intestine and liver. In the experimentally infected pigs,
the liver lesions were proportional in degree to the intensity of infection.

e Gross lesions in the large intestine, including multifocal areas of hyperaemia,
haemorrhages, ulcerations and mucosal granularity, resembled -those
occurring in acute human schistosomiasis japonica.

e Marked hepatic fibrosis developed in early patency after a single high
cercarial dose and regressed spontaneously after 17 weeks of infection.
Several characteristic histopathological features of schistosomal hepatic
fibrosis, including granulomatous obstruction of portal venules, and periportal
fibrosis, were present. Diffuse perivascular and interstitial inflammation,
rather than granuloma scarring, seemed to be the major cause of fibrosis in
the pigs.

e The degree of hepatic fibrosis in the experimentally infected pigs was
correlated with egg and granuloma density in the liver in both the acute and
chronic stage of infection. Faecal egg excretion was correlated with liver egg
density in early patency, and could be used as an indicator of hepatic
pathology in the acute stage of infection.

e The porcine hepatic perioval granuloma appears to be dependent on MHC
class II, and involves CD4" T cells, as well as CD8" T cells, B cells and intra-
lesionally produced IgG. Signs of immunomodulation of the granuloma were
apparent in the liver, but not in the intestine of the naturally infected pigs, and
other organ-related differences in granuloma composition were also found.

e Natural infection, but not experimental single dose infection, was associated
with clinical disease and reduced weight gain in young pigs.

o Self cure was observed in the pigs infected with a single high cercarial dose,
but not in the naturally infected pigs.



Suggestions for future research

The results presented in this thesis indicate that the porcine S. japonicum model
would be convenient for studies of early fibrogenic events in the liver and the
mechanisms involved in spontaneous resolution of fibrosis. It would be especially
interesting to investigate the pathogenesis of periportal fibrosis lacking an
obvious spatial relation with eggs and granulomas, a phenomenon possibly
relevant to humans that is difficult to examine in mice. It has not yet been
established whether S. japonicum-infected pigs develop portal hypertension, and
this matter needs to be investigated. The pig could also serve as a model of acute
intestinal disease in humans, an aspect of schistosomiasis that is not much
studied.

Specific features of the porcine egg granuloma, such as the B cell-dominated
granuloma-associated lymphoid nodules and the possible roles of CD4'CD8* SP
and CD4'CD8" DP T cells should be further investigated. Studies of granuloma
function and regulation should provide information complementary to the existing
knowledge of the schistosome egg granuloma, mainly derived from murine
studies.

The association of natural S. japonicum infection with reduced weight gain in
young pigs provides a general indication that the pig model could be used to
examine the effect of schistosome infection on the nutritional status of the host.

The differences observed between the experimentally and naturally infected pigs
suggest that experimental studies using trickle infections, which better mimic the
natural mode of exposure, would be highly relevant when further exploring the
pig as a model of human schistosomiasis japonica.
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