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INTRODUCTION ple at serious risk. A total of 14,000 square kilometers of

Schistosomiasis (also termed bilharzia) is caused by adult
blood flukes (trematode worms) depositing eggs in blood ves-
sels surrounding the bladder or gut of the infected host. Three
major schistosome species are known to infect humans. Uri-
nary schistosomiasis, in which the bladder is affected, is caused
by Schistosoma haematobium and occurs in Africa and the
eastern Mediterranean. Intestinal schistosomiasis results from
infection with Schistosoma mansoni (endemic to Africa, the
eastern Mediterranean, the Caribbean, and South America) or
Schistosoma japonicum, the Asian or oriental schistosome
(endemic mainly in China and to a lesser extent the Philip-
pines).

Here we examine the ecology and epidemiology of schisto-
somiasis japonica. We emphasize the importance of the snail
host, the zoonotic component of transmission, and the occu-
pational water contact that exposes residents of areas where
the disease is endemic to repeated and unavoidable infection.
We note the advances made over the last half century due to
the extraordinary historic emphasis on controlling this disease
in the People’s Republic of China (PRC). The clinical features
of the acute and chronic diseases caused by the parasite to-
gether with their diagnosis and treatment will also be reviewed,
as will the rapidly expanding knowledge concerning the com-
plex immunoepidemiology of infection and disease. The results
of control technology advances, including the success of the
recent World Bank inputs, are brought together to mathemat-
ically model prospects for the future. These data show that a
new integrated approach to control is needed that could lead
to eradication of infection in areas where it is endemic. Finally,
the threat posed by the giant Three Gorges Dam is considered
because it will change the Yangtze basin ecology and associ-
ated schistosomiasis transmission risks over the next 10 years.

Schistosomiasis in China

Archeological studies have revealed that schistosomiasis ja-
ponica has a very long history in China. S. japonicum eggs were
identified in a female corpse dating back to the Western Han
dynasty some 2,100 years ago (111, 146) that was exhumed in
1971 in Hunan province. Schistosome eggs were also found in
the liver of another corpse buried 100 years earlier in Jianglin
Hsien, Hubei province (227). In old volumes of traditional
Chinese medicine (111), a description of clinical symptoms
resembling Katayama fever (acute schistosomiasis) can be
traced back to 400 B.C. The first reported clinical diagnosis in
modern China was made by an American physician in 1905 in
Hunan province (105).

After the founding of the People’s Republic of China in
1949, large-scale epidemiological surveys were carried out by
Chinese scientists to determine the incidence, prevalence, and
intensity of S. japonicum infections. The results revealed that
schistosomiasis was endemic in 380 counties comprising 12
provinces south of the Yangtze River. Approximately 12 mil-
lion people were infected, with an additional 100 million peo-

infected Oncomelania flood plains were identified as potential
transmission zones despite remarkable successes in schistoso-
miasis control achieved over the previous four decades (31, 34,
110).

Schistosomiasis japonica remains a major public health
problem in China today. In a nationwide sample survey con-
ducted in 1989, the number of people infected was estimated to
be 1.52 million (223). The major endemic foci are the marsh
and lake regions of southern China, which cover a vast area of
five provinces (Jiangsu, Anhui, Hubei, Jiangxi, and Hunan);
cases within the area account for 86% of the total number of
people infected in the whole of China (Fig. 1). Since 1985, the
rural Chinese economy has been boosted (resulting in an in-
creased standard of living), but the prevalence of S. japonicum
and its associated morbidity have also risen slightly in focus
areas (217).

Results from the 1995 nationwide sampling survey indicate
that prevalence among both human and bovine populations
has decreased further since the late 1980s. It is estimated that
865,000 humans and 100,250 bovines are presently infected
(31). However, construction of the giant Three Gorges Dam
(due to be completed by 2009) across the Yangtze River could
substantially alter transmission of schistosomiasis both above
and below the dam. The Ministry of Health is currently inves-
tigating the risk associated with the dam, and no schistosomi-
asis data exist to indicate the probable outcomes.

LIFE CYCLE

Schistosomes are digenetic trematodes that are transmitted
through fresh water containing free-swimming larval forms of
the parasite called cercariae. The cercariae utilize a proteo-
lytic enzyme (elastase), produced in specialized glands in the
head region, to penetrate the skin of humans or, in the case
of S. japonicum, other mammals (buffaloes, pigs, dogs, etc.),
which act as reservoirs for human transmission. The cercariae
shed their bifurcated tails and transform their trilaminate teg-
ument into the heptalaminate form adapted to a mammalian
environment. Now known as schistosomula, they leave the skin
via the blood vessels and draining lymphatics and reach the
lungs. After several days, the male and female worms exit the
lungs and arrive in the hepatic portal system, where they ma-
ture, pair up, and migrate downstream.

The worm pairs reach mucosal branches of the inferior mes-
enteric and superior hemorrhoidal veins (S. japonicum) or the
superior mesenteric veins (S. mansoni) or pass through porto-
systemic anastamoses to reach veins surrounding the bladder
and ureters (S. haematobium). The females then begin egg
production. The process of migration and maturation may take
4 to 6 weeks, depending on the host and the parasite species
involved. Many eggs pass through the intestinal or bladder wall
and are discharged in the feces (S. mansoni and S. japonicum)
or urine (S. haematobium). The schistosome lifecycle is com-
pleted when the eggs hatch and release free-swimming mir-
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FIG. 2. Life cycle of S. japonicum.
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TABLE 1. Classification of snails transmitting
schistosomiasis in Asia

Schistosoma species
transmitted or geo-
graphic origin

Family Species

Superfamily Rissooidea
Family Pomatiopsidae
Subfamily Pomatiopsinae
O. hupensis hupensis S. japonicum
O. hupensis robertsoni S. japonicum
P. hupensis tangi S. japonicum

China

Subfamily Triculinae
Tribe Triculini

Tricula S. sinensium complex

Delavaya S. sinensium complex
Tribe Pachydrobiini

Neotricula S. mekongi, Laos

Robertsiella S. malayensis, Malaysia

Jinhongia S. sinensium complex

acidia, which in turn reinfect receptive freshwater snails (in the
case of S. japonicum, snails of the genus Oncomelania) (Fig.
2.). The miracidium forms a sporocyst at the site of penetra-
tion, and this produces daughter sporocysts that migrate to the
snail hepatopancreas and asexually produce larval cercariae
for daily release into the surrounding water. Snails may remain
infected for several months. However, some eggs lodge in the
tissues of the mammalian host instead of being excreted. It is
the presence of these retained eggs and, in particular, the host
inflammatory responses to the eggs lodged in the liver, bladder,
or ureters rather than the worms themselves that cause the
principal pathology associated with all forms of schistosomia-
sis. The shape and size of the eggs of the three major schisto-
some species are useful diagnostic features. The eggs of S. ja-
ponicum are round with a reduced lateral spine and are smaller
in size (60 by 100 um) than those of S. mansoni (61 by 140 pum;
prominent lateral spine) and S. haematobium (62 by 150 wm;
prominent terminal spine), which are ovoid.

INTERMEDIATE HOST AND TRANSMISSION

This section updates the classification of snails transmitting
S. japonicum, summarizes recent findings about the ecology of
transmission, and discusses aspects of the population genetics
of Oncomelania relative to disease transmission. Throughout,
it is important to understand that there are patterns and pro-
cesses of coevolution between the snails and parasites (39, 40).

Molecular data (mitochondrial cytochrome oxidase I [COI]
sequences and allozymes) (41, 43, 44, 192) and detailed ana-
tomical data are congruent; the classification (Table 1) of rel-
evant snails transmitting schistosomes in Asia is thus support-
ed. It is noteworthy that no members of the family Hydrobiidae,
sometimes misused in China and elsewhere to classify Onco-
melania and related taxa, exist in China. The Hydrobiidae are
highly divergent genetically from the Pomatiopsidae (42).

Historical data strongly support coevolution between S. ja-
ponicum and Oncomelania throughout Asia operating at the
local and even population level (39, 40). The direction and
timing of this coevolution have been reviewed (44). In main-
land China there are three subspecies of Oncomelania hupen-
sis, widely separated biogeographically. O. hupensis subsp. rob-
ertsoni is found in Sichuan and Yunnan provinces at high
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elevations (>500 m, most >1,000 m above sea level) above
the Three Gorges of the Yangtze River. It has the ancestral
(pleisiomorphic) small, smooth shell without varix (thickening
of the outer lip of the shell). O. hupensis subsp. tangi is found
in Fujian Province along the southern coast of China (opposite
Taiwan), separated from the Yangtze River by high mountain
ranges. The shells are smooth but have a doubly thick varix,
and their allometry differs from that of the other two subspe-
cies because their shells are proportionally much wider for
their length. Extensive control measures have all but brought
this subspecies to extinction, with only one marginal coastal
population allowed to survive to provide living specimens of
this genetic type. O. hupensis subsp. hupensis thrives throughout
the Yangtze River drainage below the Three Gorges to Shang-
hai, Jiangsu, and Zhejiang provinces. It is also found distrib-
uted to Guangxi Province, which is connected to Hunan (and
hence to the Yangtze River) by rivers and a major canal.

O. hupensis subsp. hupensis lives primarily at low altitude,
from sea level to 200 m. A few populations live in mountain
valleys such as are found in Zhejiang and Anhui provinces at
an altitude of about 1,000 m. Other populations in Guangxi
Province live along the Yu Jiang and Hongshui rivers at alti-
tudes of 200 to 400 m, a few at 1,000 m (104). It inhabits
horizontal or nearly horizontal habitats, along irrigation
ditches or natural streams where the soil pH is close to neutral
or alkaline and the humidity is high due to proximity to water
and dense shade. Adults are amphibious, living at the edge of
water. The young live in water or float upside down on the
surface of the water. The three most critical factors affecting
Oncomelania are water, dense vegetation providing shade and
humidity, and temperature. If the environment is too wet, O.
hupensis will not live there. Flooding is used as a control
measure in some areas of China, as flooding drowns adult
snails (43, 44).

In China, O. hupensis occurs in six ecological zones: high
elevation (>500 m); the flood plains and islands of the Yangtze
River; Dongting and Poyang lakes; the vast canal system in
Hubei Province; the lowland network of canals found in Jiang-
su Province and to a lesser extent in other provinces; and
elevation less than 500 m but sufficient to be above the effects
of the annual floods of the Yangtze River. Where Oncomelania
is affected by flooding, the shell is ribbed; at elevations above
the effects of flooding, the shell is smooth. The ribbed and
smooth states are controlled by a single gene with multiple
alleles; ribbing is dominant (38). Davis et al. (44) argue that
ribbing enables greater survival during the annual floods. All
non-Chinese Oncomelania have smooth shells. In the same
river system, where downstream populations are affected by
flooding and upstream populations are not, the ribbed-shelled
and smooth-shelled snails are not significantly different genet-
ically (43). Unlike O. hupensis subsp. robertsoni, O. hupensis
subsp. hupensis has a varix whether the shell is smooth or
ribbed. Varix formation is presumably controlled by a second
gene. O. hupensis subsp. hupensis has the same shell growth
allometry as O. hupensis subsp. robertsoni but, on average, has
a longer shell. Oncomelania reached the extreme eastern edge
of China by dispersal down the Yangtze River (the genus is
found as a fossil in Burma and Yunnan, China). In the water
networks in Jiangsu Province, close to the Yellow Sea, O. hu-
pensis subsp. hupensis (smooth shelled) lives on what was once
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a flat sea bed, only recently emerged. The agricultural land on
this exposed shelf is still slightly salty. This is an amazing bit of
adaptation for Oncomelania, but then, one of Oncomelania’s
sister genera, Cecina, has gone back to a marine environment
in Japan and the northwest United States. Oncomelania
reached Zhejiang province by dispersal from the Yangtze
through Lake Tai Hu, which is connected to the Yangtze by
water networks.

Two of the largest lakes in China are Poyang Lake (the
largest) and Dongting Lake. Both are major areas of endemic-
ity for S. japonicum but differ significantly with regard to schis-
tosome transmission. The great annual floods of the Yangtze
affect these lakes in different ways. Dongting Lake is part of a
vast marsh-lake-lowland system connected to the Yangtze. It is
virtually impossible to control snails in this system. Unlike
Hubei Province, across the Yangtze to the north of Hunan
Province, Hunan has no continuous system of dikes that con-
tain water from moving inland. Accordingly, the area covered
by floods is immense. Together, these two provinces are punch-
bowl-like in topography, with a lowland area that was once a
vast lake. Hubei Province is protected by immense dikes that
hold back the Yangtze, thus controlling flooding of the vast
plains.

Poyang Lake in Jiangxi Province is unique. It is connected to
the Yangtze River by a narrow passage. People live behind
dikes, whether on high islands in the lake basin or outside the
basin. The lake is completely surrounded by dikes, so that with
the annual floods (beginning in late May or June and ending in
October or November), the lake fills up like a bathtub. At high
flood season, the lake is an inland sea available only to fisher-
men. When the flood subsides, the lake loses as much as 75%
of its water, exposing vast flat marshlands. These marshlands
constitute a major area of endemicity for schistosomiasis. The
marshlands are used for grazing cattle. The epidemiology of
schistosomiasis in the Poyang Lake has four unique features.
First, cattle are considered to be responsible for more than
85% of the transmission from snails to humans in the lake
basin. This hypothesis is currently being tested by the Tropical
Medical Research Center, Institute of Parasitic Diseases, Shang-
hai, China. Second, there are no snails living outside the lake
basin behind the dikes. Third, all transmission occurs in the
lake basin. Finally, the annual floods drown snails, and pre-
sumably the life cycle of the snails is reduced to 1 year or less
(220). Most reproduction must then occur in the spring, when
the soil temperature rises above 10°C (March or April, de-
pending on the year). The very young snails can withstand the
flood and live as aquatic snails.

Elsewhere in China, the life expectancy of Oncomelania ex-
ceeds 2 years. Oncomelania can live over 5 years, and a female,
once fertilized, can lay eggs throughout her lifetime (43, 44).
Finally, Oncomelania can bury deep into the soil and estivate
when the temperature becomes too cold and when the envi-
ronment experiences a drought.

The annual floods move snails around to a considerable
degree. Islands and flood plains are swept, and snails drown,
climb trees to above the flood line and estivate, or float down
rivers. With the subsidence of flooding, snails are deposited in
aggregates that are not natural populations. We have called
such genetically unstable aggregates unstable populations (43,
44). Researchers in Hubei have used nets to assess the influx of
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snails into the canal systems when the flood gates are opened
to let Yangtze River water flow in for agricultural use (210,
211, 213). Schistosomiasis control experts in Nanjing, Jiangsu
Province, have noted the yearly import of infected snails to the
flood plains along Nanjing. Areas in the suburbs of Shanghai,
once cleared of snails, become reinvaded.

A sign of the genetic stability of a population is that it is in
Hardy-Weinberg equilibrium. Polymorphoic loci of O. hupen-
sis are not, for the most part, in such equilibrium. Instead, they
often show heterozygote deficiencies. Two causes for this ge-
netic instability are most likely. Routine molluscuciding is used
to control snails and reduce the abundance of schistosome-
infected snails. Only a few surviving females can revive a pop-
ulation, and the resulting genetic instability would be due to
extensive inbreeding. As O. hupensis is under continual assault
in efforts to control schistosomiasis, habitats for these snails
are ever changing due to land use changes in China. These
changes disrupt population, and thus it may be difficult to
locate genetically stable populations using allozymes as mark-
ers. Also, the annual floods move snails around, as discussed
above, creating aggregates of snails (43, 44).

COI gene sequences have proved ideal for evaluating the
degree of genetic instability (44). For example, in collections of
snail aggregates around Dongting Lake impacted by annual
floods, as many as 10 different haplotypes in a sample of 10
snails have been found, at a single locality. The array of dif-
ferent haplotypes can be used to assess the probable origin and
direction of dispersion to any one aggregate. At elevations
above the impact of flooding, one finds genetically stable nat-
ural populations in which there are only one or two haplotypes
per 10 individuals (0 to 0.5% nucleotide differences, or 0 to 3
nucleotide differences). Genetic instability is rampant through-
out the Yangtze River drainage. As S. japonicum must track
genetically receptive snails, the mass swirling and mixing of
snails means that schistosomes from diverse areas are like-
wise being intermixed. The churning and intermixing of snails
throughout the Yangtze River basin with ensuing genetic in-
stability is of more than merely academic interest. The coevo-
lutionary linkage between O. hupensis and S. japonicum is a
tight genetic linkage. As snails are intermixed, so also are the
schistosomes that depend on these snails for survival. This
constant intermixing and dispersal of genotypes has consider-
able implications for the spread and evolution of schistosomes
and schistosomiasis. Considering the effects of the Three
Gorges Dam across the Yangtze River, Davis et al. (44) have
hypothesized that passive transport of snails will occur both up
into the reservoir behind the dam and, for the first time, from
upstream down below the dam.

Considering all of the above factors, there are four discrete
modes of schistosome transmission (Table 2). These modes are
important to consider when designing control programs for
schistosomiasis in China.

CLINICAL FEATURES OF SCHISTOSOMIASIS

Historical Importance of the Disease

Schistosomiasis disabled and killed millions of Chinese peas-
ants before the new government of the People’s Republic of
China began systematic control programs in the 1950s (31).
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TABLE 2. Four modes of schistosomiasis transmission in China®
. . Bovines responsible
. . COI gene Present above . Annual Genetically  Life for maintaining 80%
Mode Snail species di Environment stable popula- span .
ivergence Three Gorges floods . of schistosome
tion structure  (yr) transmission

I O. hupensis subsp. robertsoni Yes Yes High elevation No Yes >2 No
11 O. hupensis subsp. hupensis Yes No Poyang Lake Yes No 1 Yes
III  O. hupensis subsp. hupensis Yes No Yangtze flood plains, Dongting Lake  Yes No >2 No
IV O. hupensis subsp. hupensis Yes No Canals, water networks, low hills No Yes >2 No

“ Reproduced from reference 44 with permission from the publisher.

Some village areas of hyperendemicity were depopulated, and
in others only a few widows survived. In severely affected areas,
a notable proportion of the surviving population had dwarfism
(up to 5%) and a smaller proportion would be expected to
have epilepsy—both consequences of S. japonicum infection
(33, 127). Wasting, weakness, and ascites were much more
frequent manifestations and incapacitated a large proportion
of the rural population before they succumbed to premature
deaths in their third or fourth decades. Soldiers were often
infected during the wars before liberation in 1949, and snail
fever (acute infection) affected many persons involved in flood
relief in the early 1950s. Political leaders, especially Chairman
Mao Zedong, were aware of the wide distribution of the dis-
ease and its importance in populous rural areas drained by the
Pearl and Yangtze rivers. It was also known that infection
in endemic areas decreased rural production, compound-
ing the extreme poverty that confronted postrevolutionary
China. There were adverse social effects as well: women would
not move to areas of endemicity to marry, and infected men
could not join the People’s Liberation Army and obtain skills
that would enable them to escape the drudgery and poverty of
rural life (172).

Given these observations, it is not surprising that the new
Chinese government made schistosomiasis control its top pri-
ority for the public health aspects of reconstruction. This led to
substantial research on the disease, its treatment, and its con-
trol. The numerous published Chinese reports on morbidity
became accessible when Chen and Mott (33) published a crit-
ical review of that literature in English in 1989. We were thus
able to incorporate much of the valuable Chinese experience in
this review.

Role of Schistosome Eggs in Development of Disease

The worms themselves are thought not to be responsible for
disease. However, host responses to various secreted worm
products are incompletely understood and could account for
some pathological effects. Most of the disease manifestations
arise from host responses to the larval miracidia contained
within schistosome eggs. Each female worm of S. japonicum
produces up to 3,500 eggs per day, and a large proportion are
trapped within intestinal and hepatic tissues. Retained eggs
induce a cell-mediated granulomatous reaction that accumu-
lates to produce the pathology of chronic disease. The colon,
especially the rectosigmoid area, and the left lobe of the liver
are usually the most affected, and the number of eggs accumu-
lating can be huge. In one Chinese autopsy report, nearly 1
billion eggs were recovered from liver tissue of a schistosomi-
asis victim—an impressive number, given that most eggs are

reabsorbed and most people die after many years of infection
(33). Among 15 autopsy cases for which eggs were counted, the
next most egg-dense site was the rectum, and the ratio of eggs
in the liver to that in the rectum was 20:1.

Trapped eggs contain the miracidium larva, which matures
over 5 days and remains alive for up to 20 days, secreting
enzymes and other toxic products that elicit intense inflamma-
tory responses. A characteristic perioval granuloma forms,
with a necrotic center containing the egg or egg cluster sur-
rounded by epithelioid cells, giant cells, and lymphocytes and
an outer layer of plasma cells, eosinophils, and fibroblasts.
Single eggs are usually reabsorbed, but the tissue damage leads
to fibrosis. Large egg clusters tend to calcify. Perioval granu-
lomas have been found in many tissues, including skin, lung,
brain, and muscle. They have also been noted in the adrenal
glands and the urogenital system of both sexes. Most granulo-
mas develop at the sites of maximum egg accumulation, the
intestine and liver.

Numerous reports (27, 28, 52, 85, 204) from animal experi-
ments show that host responses to schistosome eggs are mod-
ified over time and vary according to host and schistosome
species, tissue, and infection history. When the volume of gran-
ulomas decreases around recently laid eggs containing viable
mature miracidia, the phenomenon is referred to as modula-
tion. Little is known of modulation in humans, but animal
models reveal a complex interplay of regulatory cytokines,
tumor necrosis factor, various immune effector cells, and fi-
broblasts, all subject to genetic influence. The balance of cel-
lular and humoral influences on modulation may vary with the
chronicity of the infection, with humoral activity dominating in
the later stages of disease.

Two intriguing additional hypotheses explaining the de-
crease in the size of perioval granulomas are provided by the
work of Mitchell et al. (120, 121). They noted that female
S. japonicum miracidia induce a greater immunological re-
sponse from mammalian hosts and that male eggs (and male
worms) predominate in chronic infections. If female eggs sur-
vive less in chronic infections, the granulomatous response,
now directed mostly at relatively immunodominant male eggs,
would modulate. Their other hypothesis derives from anti-
body-mediated antiembryonation immunity detected in mu-
rine schistosomiasis japonica. This phenomenon could also
produce modulation, because antibody-damaged eggs do not
mature and are less potent as immunopathological agents. An
understanding of the actual determinants of modulation in
human schistosomiasis is an important focus of research be-
cause it could lead to drugs or vaccines for disease control or
to spin-off benefits for other granulomatous diseases.
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Cercarial Dermatitis

A maculopapular eruption may arise at the site of cercarial
penetration of the skin. This condition is infrequent among
those living in areas of endemicity, but migrants or visitors who
are infected may develop it within a few hours of exposure. The
resulting dermatitis is similar to swimmer’s itch, noted in per-
sons sensitized and reexposed to avian or other nonhuman
schistosomes found in freshwater bodies all over the world
(184). It is not known if reexposure is a feature of cercarial
dermatitis for S. japonicum.

Acute Schistosomiasis

Acute schistosomiasis, first described in Japan as Katayama
fever (184), is common throughout areas of high transmission
risk in China. The disease appears an average of 41.5 days after
individuals are exposed to a first infection or a large reinfection
or superinfection (33, 89). The timing of disease onset appears
to relate to initiation of egg laying by young female worms.
Individuals present with nocturnal fever peaks, coughing, gen-
eralized muscle pain, headache, and a tender enlarged liver.
Schistosome egg excretion is often detected, and splenomegaly
occurs in a third of cases. Diffuse pulmonary infiltrates are
found clinically and radiologically, and a few cases have signs
of meningoencephalitis. All cases have eosinophilia and a his-
tory of water contact 14 to 84 days before and respond well to
a 6-day course of 20-mg/kg doses of praziquantel (169).

Acute cases often occur as epidemics during the rainy sea-
son, sometimes in cities, and are especially common at flood
times, when many relief workers are affected. The frequency
and distribution of acute cases in China can be used to monitor
progress in schistosomiasis control. For example, a resurgence
of schistosomiasis transmission in China was noted throughout
the 1980s, probably reflecting increased rural activity (irriga-
tion, agriculture, animal husbandry, fishing, and water contact)
due to economic reforms introducing incentives for household
production (169). The number of reported acute schistosomi-
asis cases more than doubled, and in 1989 acute cases recorded
in the five worst provinces totaled 13,000, with 38% occurring
in children less than 16 years old. As a result, the Chinese
government teamed up with the World Bank to boost schisto-
somiasis control in the 1990s. The number of acute cases fell
quickly, providing evidence of success.

Intestinal Disease

The worms migrate frequently within the mesenteric veins
but are thought to favor certain locations to lay eggs, usually in
clusters. Egg clusters aggregate and induce mucosal inflamma-
tion, hyperplasia, ulceration, microabscess formation, blood
loss, and pseudopolyposis (26, 30, 35, 60). Lower abdominal
pain is frequent, often colicky, and usually referred to the left
lower quadrant. Diarrhea is common, usually with occult blood.
Sometimes blood is visible in the stools, and diarrhea may
alternate with constipation. Diarrhea is particularly notable in
children, and despite the well-known link with other infections
(viral and bacterial), its presence remains a powerful predic-
tor of chronic schistosome infection (228). In severe cases of
chronic disease, bowel fibrosis and stenosis result, most often
in the lower colon and rectum, and the mesentery may thicken
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to form an abdominal mass. There is evidence to suggest that
the most serious consequence of intestinal schistosomiasis is
colorectal cancer (see section below on cancer).

Hepatosplenic Disease

Schistosome eggs that do not pass through the mucosa to
reach the intestinal lumen are trapped in situ or swept up in
the portal blood flow. Eggs reaching the liver are too large to
reach the sinusoidal plexus and accumulate in presinusoidal
venules within the portal triads, especially in the left lobe.
There they induce granulomatous inflammation, fibrosis, ve-
nous obstruction, portal hypertension, and splenomegaly.
Liver enlargement initially tends to correspond in size to the
intensity of concurrent or recent infections. Thus, hepatomeg-
aly reflects granulomatous perioval inflammation rather than
consequent fibrosis and occurs early in the evolution of chronic
disease (137). Modulation of the inflammatory response has
been observed in murine models and is expected to occur in
humans. If so, it may partly account for the decrease in liver
size that is often observed after the initial enlargement.

Splenic enlargement may also appear early in the course of
chronic infection but is usually minor and reflects cellular hy-
perplasia without granulomatous inflammation. If portal hy-
pertension ensues, passive congestion enlarges the spleen to
Hackett grade II or III, and it is easily palpated clinically.
Enlarged spleens rarely contain schistosome eggs. In some
cases, severe hypersplenism is noted and is the usual indication
for splenectomy, a procedure that has been used frequently in
China for treatment of chronic schistosomiasis.

Perioval granulomas in the liver lead to fibrosis (Fig. 3). The
links between granulomatous inflammation, subsequent fibro-
sis and its persistence are complex (28). Collagen deposition,
cross-linking, contraction, and reabsorption are in dynamic
balance and each component is subject to immunoregulation.
Most of the information available for S. japonicum comes from
murine models and indicates that the determinants of granu-
loma size may frequently dissociate from those of hepatic fi-
brosis. Some animal models show well how chemotherapy and
parasitological cure can lead to reversal of gross periportal
fibrosis (6). Longitudinal studies of endemic schistosomiasis
mansoni in Brazil indicate that reversal of human liver pathol-
ogy does occur and relates to falling worm burdens, whether
they fall spontaneously (166) or as result of repeated chemo-
therapy (168). Such reversal also occurs for human schistoso-
miasis japonica but is slow and may be aborted by reinfection
(137).

The hepatosplenic end product of chronic schistosomal in-
fection is the final result of the immunoregulated host response
to a sustained intravascular egg assault on the liver. Eventually,
after years or decades, gross periportal fibrosis appears along
with presinusoidal portal hypertension and secondary gastro-
esophageal varices. On section, the liver surface resembles clay
pipestems due to the wide bands of fibrous tissue extending
along the portal tracts. This appearance is only found for
hepatic schistosomiasis and was first described in Egypt (174)
for what we now know as schistosomiasis mansoni. The se-
verely affected liver is macroscopically similar for schistosomi-
asis japonica. However, a given worm burden of S. japonicum
induces more severe hepatic disease, probably because the
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Normal

Stage two
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Stage three

FIG. 3. Ultrasound B photographs depicting normal and schistosomiasis-diseased liver parenchyma. Normal image (top left) of the left and
right lobe. Stage one fibrosis (top right; right lobe) with focal echodense areas scattered within the parenchyma and no definite borders. Stage two
fibrosis (lower left; both lobes) with typical fish-scale pattern and a few echodense areas <20 mm in diameter. Stage three fibrosis (lower right;
left lobe) with echodense bands forming contiguous network, multiple focal echodense areas >20 mm in diameter, and masses of central fibrosis.

daily egg production of the female worms is much higher for
this species and the eggs tend to occur in clusters. S. japonicum
also has another hepatic effect not seen with Manson’s schis-
tosomiasis, widespread septal fibrosis and calcification, that
produces parenchymal abnormalities detectable on ultrasound
examination (175), magnetic resonance imaging (126), and
computerized tomography (36).

Symmer’s liver fibrosis is now known as fibro-obstructive
hepatic schistosomiasis. The former use of the term schistoso-
mal cirrhosis was inappropriate because essential features of
cirrhosis are lacking: lobular architecture is not disrupted, and
nodular hepatocellular hyperplasia does not occur. Alcoholic
and/or postviral cirrhosis may coincide with schistosomiasis,
and pathologic interactions have been investigated with no
definite conclusions (33). The parenchymal form of hepatic
fibrosis is the most prevalent in schistosomiasis japonica and
may persist as a common subclinical finding in populations

treated so frequently that overt liver disease has resolved
(153).

Li et al. (102) selected a cohort of 193 such individuals and
showed that persisting parenchymal fibrosis responds to para-
sitological cure: the fibrosis substantially reversed over the next
2 years, but alcohol intake or schistosome reinfection impeded
this effect. Periportal fibrosis and enlarged portal vein diame-
ter also improved, but less so, and without interaction with
alcohol intake. There was no interaction of schistosomal fibro-
sis and hepatitis B virus infection, although the latter was also
common in this community. Serum levels of fibrosis markers
provided biochemical support for the ultrasound results; lami-
nin and collagen IV were significantly higher in reinfected
persons, and both markers, together with hyaluronic acid, cor-
related with the ultrasound staging of end-point parenchymal
fibrosis. Periportal fibrosis also correlated with fibrosis mark-
ers, but patterns were less clear-cut.
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In the past, as many as 20 to 30% of the population in
affected communities had detectable hepatosplenic schistoso-
miasis. Half were symptomatic, with fatigue, weakness, abdom-
inal pain, and diarrhea the most frequent complaints. Hepa-
tocellular function was usually well maintained, but those with
portal hypertension often developed ascites and were prone to
gastroesophageal hemorrhage, the common cause of death.
Hepatic coma was a frequent and usually fatal consequence
of upper intestinal bleeding, and it also occurred in some
postsurgical patients (33). These forms of severe disease are
now uncommon. However, weakness, diarrhea, growth retar-
dation, hepatomegaly, and liver fibrosis are still common in
areas of endemicity, especially in the lake and marshland zones
(103, 137, 153). All improve with chemotherapy but recur with
reinfection.

Cerebral Schistosomiasis

Cerebral disease is caused by the host reaction to schisto-
some eggs. Some persons with eggs in the central nervous
system develop no symptoms. The mechanism of egg deposi-
tion is unknown, but their presence suggests that eggs may
cross the blood-brain barrier or that some worm pairs may
reach the venous side of the cerebral circulation (184). There
is no evidence to support either theory.

Symptoms of cerebral schistosomiasis were found in Amer-
ican soldiers infected in the Philippines during World War II
(89). Among this group, epilepsy usually appeared within the
first year. The common forms were Jacksonian convulsions and
grand mal seizures. Among groups of adult Chinese hospital
patients with schistosomiasis, up to 4.3% had cerebral schisto-
somiasis. The prevalence of epilepsy in infected communities
has been estimated at 1 to 4%, against a baseline rate of 0.3 to
0.5% (33, 89).

Praziquantel (see above) is better than older drugs for treat-
ing cerebral schistosomiasis and has been found to be safe and
effective, leading to resolution of symptoms for more than 75%
of cases (33, 185). In a few patients, cerebral schistosomiasis
and cysticercosis may occur together. Fortunately, praziquan-
tel therapy also cures seizures caused by neurocysticercosis
(178). Several other reports, such as that of Bang et al. (7),
noting infarction after treatment, and Garg (64), reporting
other transient adverse effects, including seizures, raise con-
cern about the safety of praziquantel for treatment of cerebral
cysticercosis. Concomitant administration of corticosteroids
has been advocated, but convincing evidence of benefit is not
available. Therefore, if cerebral schistosomiasis and cerebral
cysticercosis coexist, especially if cysticerci are present in vital
neural structures such as the medulla or retina, the risks of
treatment must be weighed against the risks of symptomatic
management without attempting parasitological cure.

S. japonicum and Cancer

The evidence connecting schistosomiasis japonica to esopha-
gogastric cancer or carcinoma of the liver is not convincing
(33). These diseases occur together but are probably unrelated.
The same authors also reviewed the extensive Chinese lit-
erature relating colorectal cancer and schistosomiasis. On
aggregated data, the incidence of this cancer correlates with
prevalence and intensity of schistosome infection. Affected
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individuals usually have a long history of inflammatory large
bowel symptoms and schistosome infection. The cancers cor-
respond in anatomic location to the large bowel area most
affected by schistosomiasis, the age of onset is lower in areas of
schistosome endemicity, and the length of survival is shorter.
Correlation of schistosomiasis and colorectal cancer has also
been reported from Japan (114) but was not found in one
Philippine study (1). In patients with colonic schistosomiasis,
epithelial dysplasia is common and may be severe, but the
mechanism relating that or schistosome infection to colorectal
cancer remains unknown.

Possible Associations with Viral Hepatitis, Alcoholic
Cirrhosis, and Typhoid

Viral hepatitis B has been reported to be more frequent
among those infected with S. mansoni. Cooccurrence of these
diseases among the rural poor is expected and has been noted
in China. The evidence of increased cosusceptibility or syner-
gism is not strong, and statistical associations may be an ex-
ample of ecological confounding. The same holds for putative
associations between alcoholic cirrhosis and hepatic fibrosis
due to schistosomiasis. However, as noted above, there is ev-
idence that alcohol intake can interact with septal fibrosis and
impede its reversal after treatment (103), but no mechanism
for this effect is known. Prolonged or recurrent septicemic
typhoid is well known for African and South American schis-
tosomiasis, and although described for S. japonicum (184), it
appears to be rare. The typhoid fever recurs until the schisto-
somacidal therapy removes the parasite. It is thought that
typhoid organisms are sequestered inside the schistosomes and
thus protected from antibacterial drugs.

Growth Retardation and Cognitive Defects

Fifty years ago, dwarfism affected up to 5% of the popula-
tion in areas of hyperendemicity. It has now virtually disap-
peared. The pathogenesis is unknown, but the clinical presen-
tation indicated pituitary growth failure. Schistosomiasis
dwarfs had normal mental abilities but remained sexually im-
mature, with atrophy of the pituitary and gonads. This dwarf-
ism is thought to have been caused by heavy infection in early
childhood. Cure of infection and early hormonal treatment
improved the condition substantially.

Schistosome infection in childhood also causes substantial
wasting and growth retardation without pituitary dwarfism
(115, 137). Chemotherapeutic cure resulted in catch-up growth,
but this did not equal the original deficit. Thus, schistosome-
related childhood malnutrition is probably a factor limiting
human potential in areas of endemic infection, and persistent
schistosomiasis transmission may contribute to stunting among
adult rural Chinese populations. As well, recent research in
Sichuan, China, indicates that infected children suffer cognitive
impairment, with significant adverse effects on memory (131).

Other Clinical Manifestations

The African schistosomes sometimes cause pulmonary hy-
pertension, cor pulmonale, glomerulonephritis, or transverse
myelitis, but none of these are noteworthy features of schisto-
somiasis japonica. It has been speculated that the relative lack
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of pulmonary disease reflects a reduced inflammatory response
for S. japonicum granulomas in the lungs (33). It is not known
why glomerulonephritis has no apparent association with schis-
tosomiasis in China. It is also not known why Chinese schisto-
somes associate with ectopic cerebral lesions, while African
schistosomes tend to produce ectopic spinal lesions.

Typical Laboratory Findings

In acute cases, eosinophilia and leukocytosis are always
found. In hepatosplenic patients, anemia is common, usually
normochromic and often macrocytic. In chronic cases, pancy-
topenia may reflect hypersplenism associated with splenomeg-
aly. Hepatocellular liver function is usually relatively normal,
but mild elevations of serum levels of liver enzymes can occur.
In chronic cases, albumin production is low and polyclonal
elevation of gamma globulin is found, with an inverted albu-
min-to-globulin ratio. Renal abnormalities result from severe
fibroobstructive liver disease and include proteinuria and im-
paired electrolyte excretion and creatinine clearance.

Common radiological features include a large liver and
spleen and, in acute cases, diffuse or patchy bilateral midzone
infiltrates in the lungs. Ultrasound is very useful to diagnose
and stage liver fibrosis (parenchymal and periportal) and mea-
sure portal vein diameters (175). For experienced workers,
schistosomiasis japonica is easily distinguished from other
forms of liver disease. Chinese ultrasonographers have used
portable machines as diagnostic aids for many years.

DIAGNOSING SCHISTOSOMIASIS

Diagnosis is central to treating schistosomiasis. Case finding
and community treatment, assessment of morbidity, and eval-
uations of control strategies all build on the results from diag-
nostic tests. In general, there are three different approaches to
the diagnosis of schistosomiasis: to detect schistosome eggs in
stool samples by direct parasitological methods and disclose
eggs in tissue biopsies by histological methods; to measure
pathological morbidity associated with schistosome infection
by clinical, subclinical, and biochemical markers; and to test
immunological responses to certain schistosome antigens and
the levels of parasite-derived antigens in blood and urine.
Traditionally, the diagnosis of schistosomiasis has been made
by direct parasitological techniques, which are now well stan-
dardized and useful in areas with moderate to high intensity of
infection.

Parasitological Examination

The miracidium hatching test is a traditional approach to
assessing S. japonicum infection and has been used widely in
China for more than four decades (32). This test is initiated by
concentration of ova through a nylon tissue bag and suspension
in distilled water. Three consecutive hatching tests are gener-
ally accepted by Chinese public health workers to rule out
infection. This method is simple, and its potential for high
sensitivity has been recognized, as this approach can process
and examine 50 g of feces per sample. However, this method
has not been standardized for quantitative measurement; more
importantly, even under optimal conditions, only 50 to 70% of
eggs will hatch, with light infections being missed.
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The Kato-Katz thick smear stool examination, based on the
examination of a calibrated amount of feces, is the most widely
applied method to determine fecal egg counts in field surveys
(91, 199, 224). Several studies have demonstrated that egg load
is correlated with the severity of disease (90, 98), at least at the
community level. However, egg excretion in the feces may
show strong day-to-day fluctuations (intraindividual variation),
especially with low intensities of infection (49, 50, 75). Epide-
miological studies also show considerable interindividual vari-
ation in egg counts. Several authors have reported that, be-
cause of this variation, a large fraction of infected individuals
will remain undetected if only one examination by the conven-
tional diagnosis method is performed (68, 224). Therefore, the
relative insensitivity of stool examination makes it less reliable
for well-controlled areas where both the prevalence and the
intensity of infection are generally low. Although multiple
stool examinations should ideally be performed in order to
reduce the number of false-negative results, repeated stool
collection and examination require a lot of time and manpower
(153). Thus, it is impractical to initiate such a strategy at the
national level for routine schistosomiasis control programs.
Repeated fecal smear examinations, usually from a single stool
specimen, are useful for boosting the accuracy of diagnosis for
field research (11, 153).

Microscopic examination of rectal biopsy specimens is a
sensitive clinical diagnostic technique and was used in China
during the 1970s, but this invasive procedure is neither simple
nor convenient for population-based surveys. Furthermore, it
is not possible to differentiate recently dead ova from those
that have been dead for a long time, and this may lead to
unnecessary repeated treatment.

As an ideal field method for the detection of schistosome
ova in stool is still not available, there has been continuing
interest in developing serological methods for the diagnosis of
light infections.

Serological Detection

Immunological diagnosis of schistosomiasis has been avail-
able for the better part of this century and was first applied to
S. japonicum infection in 1910 by Yoshimoto (14, 215). How-
ever, it was not until the advent of modern biotechnology that
these assays were improved sufficiently to offer an alternative
to parasitological diagnosis. Immunological diagnosis is di-
vided into specific antibody and circulating antigen measure-
ments. Various antibody detection methods have been imple-
mented as adjuncts to fecal examinations, especially in China.
Since antibody titers diminish in the absence of reinfection and
eventually disappear or reach very low levels, this approach
could be a useful diagnostic tool in the maintenance phase of
control programs. Although antibody detection is not suitable
for the assessment of active infections, this approach can yield
sufficiently accurate results in controlled areas where the prev-
alence is less than 3% according to parasitological examina-
tion. In some studies which used crude S. japonicum soluble
egg antigen, the data have shown a high sensitivity and an
adequate specificity compared to standard parasitological tech-
niques (100, 215). In addition, the quantitative seroreactivity of
the characterized S. japonicum egg antigen correlated direct-
ly with the intensity of infection in all age groups. Antibody
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responses to proteinases (Sj32) and cysteine proteinases ex-
tracted from schistosomes have revealed that a strong antibody
response is consistent with the early reactivity of S. japonicum-
infected mice, and these proteinases may prove useful for the
detection of schistosome infections in humans (165).

Keyhole limpet hemocyanin (KLH), synthesized by the ma-
rine mollusk Megathura crenulata, has a protective carbohy-
drate epitope similar to that found in schistosomes. Several
studies have shown that KLH can be used to differentiate acute
from chronic infections of both S. japonicum and S. mansoni
(99, 100, 147). However, the slow reduction in specific antibody
levels after treatment diminishes the value of such detection in
areas of endemicity. The differentiation between past and cur-
rent infection will continue to pose a problem until improved
immunological or new biochemical tests are widely available.
Cross-reactions with other infectious agents constitute another
obstacle yet to be overcome. However, Wei et al. (189) report-
ed that specific antiworm immunoglobulin G4 (IgG4) dis-
appeared quickly after treatment; 98% of subjects become
negative in 12 months after treatment. Therefore, antibody
detection of short-term duration may still play an important
role in assessing successful chemotherapy.

During the past decade, there has been much interest in
understanding the molecular biology and immunology of the
Asian schistosome (17, 58, 95, 116, 117). Furthermore, a num-
ber of recombinant antigens have been purified using modern
molecular techniques during this period. These include 26-,
28-, and 31-kDa proteins of S. japonicum (Sj26, Sj28, and
Sj31, respectively), glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), triose-phosphate isomerase, paramyosin, fatty
acid binding proteins, aspartic proteinases, and others (116,
180). Some of these antigens (e.g., Sj31, Sj32, and proteinases)
have proved to be immunogenic and have been used as poten-
tial serological diagnostic markers in schistosomiasis (97, 165,
189).

It is generally accepted that antigen detection is a useful
diagnostic approach for assessing the incidence of new infec-
tion in areas where schistosomiasis is currently under control.
This approach could potentially be important in evaluating
vaccine efficacy following human trials. For chronically in-
fected persons with comparatively low infection intensities,
parasitological documentation augmented by immunodiagno-
sis in the detection of circulating antigens did show a number
of advantages over traditional antibody detection. Therefore,
detection of circulating antigens in schistosomiasis is increas-
ingly used as a diagnostic tool because the level of antigen can
be correlated with worm burden and schistosome antigens are
expected to disappear relatively rapidly from the circulation
after successful chemotherapy. Since 1993, three national col-
laborative studies on immunodiagnosis, especially the detec-
tion of circulating antigens of S. japonicum, have been orga-
nized by an advisory committee for schistosomiasis control in
China. Several diagnostic kits for measuring circulating anti-
gens, developed by various institutes from the national to the
provincial level, have been blindly assessed (71, 214). The
sensitivity of most kits is usually higher than that of stool
examination, but the specificity is lower. Recently, a rapid
one-step enzyme immunoassay to detect circulating schisto-
some antigen with 95% sensitivity and 100% specificity was
reported (183). Although this method is of high sensitivity and
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specificity, most institutes at the provincial level still prefer to
sell their own diagnostic kits and use them in their province. It
seems appropriate that a national organization should be es-
tablished in order to reduce kit production costs and promote
their wide distribution.

Taking into account the many advantages that antigen de-
tection assays have over antibody detection assays, it seems
paradoxical that these methods are still implemented in only a
few research laboratories in China. There are major obstacles
that limit the field application of diagnostic procedures based
on detection of circulating antigens. Some of these are the high
cost associated with detection for each case; complicated pro-
tocols for circulating antigen assays; expensive biochemical
reagents with a short half-life, as well as the lack of trained and
experienced technicians; small amounts of detectable circulat-
ing schistosome antigens in the serum and urine of infected
patients; and the kinetics of circulating schistosome antigens
and factors poorly understood associated with the immune
response. These are limitations that are not readily overcome
by laboratories in developing countries such as China. It seems
likely that the wide application of antigen detection in com-
munity diagnosis will require a very simple dipstick-like test,
standardized and manufactured by a commercial or public
health agency at the national level.

Measurement of Pathological Lesions

The morbidity associated with schistosomiasis japonica has a
broad spectrum of presentation. Hepatosplenic involvement
with symptomatic portal hypertension is very often seen in
schistosomiasis japonica (16, 33, 136, 173). Ultrasonography, in
addition to clinical examination, is used to detect and quantify
hepatosplenic schistosomal disease based on World Health
Organization (WHO) protocols (21, 87, 103). Decreases in the
thickness of the portal vein wall and in echogenic bands have
been detected after praziquantel treatment (22, 191). Recent
studies in the Dongting Lake region, Hunan Province, showed
that changes in the liver parenchyma are characteristic of S. ja-
ponicum infection, and there was a significant improvement in
ultrasound parenchyma and periportal images after a 2-year
treatment cycle (102) (see above). However, the grading stan-
dard of ultrasound measurement needs to be improved to
make grading easier in practice. In China, assessment of sub-
morbidity related to S. japonicum infection by ultrasound has
been limited to hospital and medical research surveys. Ultra-
sound measurement has not been used for evaluation of the
success of control programs due to the high examination costs.
There is no report of the use of computerized tomography to
diagnose schistosomiasis at the community level in China.
However, Cheung et al. (36) studied a group of patients with
schistosomiasis in a hospital setting using computerized to-
mography and reported images thought to result from progres-
sive septal fibrosis and related clusters of calcified eggs.

The most direct way to diagnose and quantify fibrosis in
schistosomiasis is by histological examination of the liver. How-
ever, a liver biopsy specimen is difficult to obtain and subject to
sampling error and reflects a static picture of hepatic fibrosis.
As a result, noninvasive biochemical markers for assessing liver
fibrosis are being actively sought to help to evaluate histolog-
ical damage and monitor the progression of fibrosis. Several
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studies have reported that serum levels of procollagen peptide
(types III and IV), the P1 fragment of laminin, hyaluronic acid,
and fibrosin are elevated in severe hepatosplenic cases and
decrease shortly after praziquantel treatment (90, 161, 201).
Shahin et al. (161) reported that a serum elevation of procol-
lagen type III N-propeptide may indicate early fibrogenic ac-
tivity in patients with schistosome infection, and the combined
measurement of procollagen type III N-propeptide with pro-
collagen type IV C-propeptide and collagen VI seems to pro-
vide additional information to predict progressive hepatic
fibrosis. Cai et al. (22) reported that parameters of hepatic
fibrosis detected either by ultrasonography or by procollagen
IIT and hyaluronic acid levels showed a significant improve-
ment in a group of Chinese subjects 1 year after treatment. A
recent study from the Dongting Lake region of China showed
that hyaluronic acid levels correlate with the ultrasound find-
ings, while the presence of laminin and collagen IV correlates
with reinfection (103). A more sensitive marker for reflecting
hepatic fibrosis is required, as the detection of biochemical
markers in patients with schistosomiasis is of importance when
monitoring liver fibrosis and morbidity in patients with more
advanced schistosomiasis.

DRUG TREATMENT

Trivalent antimonial drugs were developed in 1918 and be-
came the first of a long list of somewhat toxic drugs used to
treat schistosomiasis in China (171). In the 1970s, the Bayer
AG and E Merck drug companies developed a new antischis-
tosomal pyrazino-isoquinolin drug known later as praziquan-
tel. The drug was not related to previous antischistosomals
and proved to be safe and well absorbed orally and to have a
plasma half-life of 1 to 1.5 h. Absorbed praziquantel is sub-
jected to a pronounced first-pass biotransformation, and 90%
of the ingested drug is converted by the liver to inactive me-
tabolites that are excreted by the kidneys. The drug diffuses
into breast milk. The mechanism of action of praziquantel is
unknown, although the active form causes schistosomes to
develop tetanic contractions and tegumental vacuoles; affected
worms lose their hold on the vein wall, are washed upstream to
the liver, and die.

A series of standardized double-blind trials involved a his-
toric collaboration between the industry (Bayer), WHO (A.
Davis), and national health agencies in Brazil, Kenya, South
America, Japan, and the Philippines (93). Trials also pro-
ceeded in China (212). The birth of praziquantel was smooth
and a model for other drugs that are likely to benefit the poor.
Rapid worldwide use of the drug followed once it was shown to
have a high efficacy against all forms of schistosomiasis and to
be suitable for single-dose oral therapy. Agreements were
forged enabling subsidized praziquantel supply to Third World
governments and profit taking through sales in rich countries.
Later, China, Korea, and Thailand manufactured the drug, and
the prices in developing countries fell below $1 per dose.

Since 1984, millions of people have been treated with prazi-
quantel. No deaths have been reported, and schistosomes have
not yet been proven unequivocally to develop drug resistance.
For schistosomiasis japonica, cure rates of 70 to 90% have
been recorded. Those not cured also benefit because their egg
counts fall to one fifth or less of pretreatment levels. The single
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dose for community-based treatment in China has been stan-
dardized at 40 mg/kg. For optimal treatment of chronic cases in
hospital, two 30-mg/kg doses are given 4 h apart. Side effects
are thought to relate to worm death and include transient
nausea, dizziness, rash, and pruritus. They are reported more
frequently among patients with heavy infection and when the
drug is taken on an empty stomach. Some heavily infected
patients develop transient bloody diarrhea, but this resolves
quickly without sequelae (144, 186).

Chemoprophylaxis

Praziquantel is not useful as a preventive drug because its
actions only last a few hours. It is effective against schistoso-
mula for the first 2 days of their life but is unable to kill them
as they mature from days 3 to 21. A recently developed anti-
malarial drug, artemether, does kill schistosomula over the first
21 days after their entry into the body. Thus, it would be
expected to kill all immature schistosome infections if given
every 2 weeks, and evidence is emerging that this is indeed the
case. The drug was synthesized as beta-methyl ether artemisi-
nin by the Shanghai Institute of Materia Medica of the Chinese
Academy of Sciences (205). Although artemether first at-
tracted attention for its excellent antimalarial properties, it is
now known to succeed as a chemoprophylactic in the field. In
a trial with residents of an area of endemicity, the drug was
administered every 15 days throughout the transmission season
at a dose of 6 mg/kg (206). Acute cases were prevented, and
incident infections were less than half as frequent as in the
control group and were of lower intensity. Artemether is also
active against other schistosome species (176, 207), and its
overall effect is enhanced when it is combined with praziquan-
tel (208). The prospects seem good for this drug to be used as
a chemoprophylactic among high-risk groups in areas of ende-
micity, such as flood relief workers, tourists known to have
been exposed recently, and fishermen (209). It will probably
not be deployed in areas with malaria because of fears that the
low doses required for schistosomiasis prevention could enable
coincident malaria organisms to develop resistance.

EPIDEMIOLOGY AND CONTROL

Human Exposure

Human water contact studies to date have estimated expo-
sure at the population level with either direct observational
studies or interviews. When transmission areas are focal, ob-
servational studies are an ideal way to measure an individual’s
degree of water contact. However, in the lake and marshland
regions of China, where 85% of the human cases reside, the
transmission zones are vast and thus observational studies are
of limited value. As a result a new method has been developed
to quantify individual exposure in square meter-minutes, based
on daily activity diaries (154). This method allowed examina-
tion of the pathways to exposure and infection among fishing
communities in the Dongting Lake region (156). Moreover,
this knowledge assisted in epidemiologically categorizing pa-
tients as either putatively susceptible or insusceptible (resis-
tant) to disease, which has important implications for vaccine
development (101, 157).

Human water contact studies are limited for S. japonicum,
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FIG. 4. Age-sex distribution of S. japonicum in China based on the 1989 and 1995 national parasitic surveys which comprised eight provinces.
The data are from stratified random cluster samples and are derived from the same study populations using the same stool and serological methods.
Results for each survey were pooled for all the populations included. Source: Office of Endemic Disease Control, China (1989 and 1997). n, number

of subjects involved in the surveys.

but recent work in the Dongting Lake region (154) has shown
that most contact occurs in males aged 18 to 49 years, in the
early afternoon (coinciding with peak cercarial shedding) (109,
129), while fishing. Thus, most human exposure to schistoso-
miasis in a typical Chinese lake region is occupationally driven.
Females, to a far lesser extent, are exposed in the morning
while bathing or washing clothes. Male-dominated exposure
has been reported elsewhere in China (200). In Jiangxi Prov-
ince, China, most of the reported contact for males occurred
while washing or fishing (200). In contrast to these observa-
tions, other studies from Africa (59, 61, 83) have reported
higher degrees of water contact in young (10 to 20 years)
females. Most of this domestic and recreational activity oc-
curred in the afternoon, as was observed for the Chinese sub-
jects.

Overall, there is a general trend for adolescents (<21 years)
to have greater exposure levels, but in China, this appears not
to be the case, as most of the human water contact occurs in
adults (>21 years) (154, 156, 200). The contrasting exposure
patterns are ultimately a reflection of social, economic, and
ecological variation from one area to another (81).

Human Prevalence and Intensity of Infection

Age-prevalence (Fig. 4) and age-intensity data (134, 135)
profiles for S. japonicum have revealed that males are twice as
likely to become infected as females and that the praziquantel-
based World Bank-Chinese government control activities from
1992 to 1995 halved the infection rates, as noted in the report

of the second survey undertaken in 1995 (135). Rates for adult
males and females in two national surveys (1989 and 1995)
tended to exceed those found for children and adolescents, but
one cannot attribute this infection pattern to underlying bio-
logical mechanisms without additional information. However,
drug therapy directed especially at school-age children has
been a feature of Chinese control programs for several de-
cades, and praziquantel was introduced widely in 1986, 3 years
before the first national survey. Moreover, the one-child policy
for limiting the population in China dates from the early 1980s,
and this could have increased the precautions exercised in
areas of endemicity to limit exposure of children, especially
given the extensive community education about schistosomia-
sis conducted since the 1950s. It is also known that occupa-
tional exposure is unavoidable for a large proportion of the
adult population, and as mentioned earlier, human transmis-
sion of S. japonicum has a zoonotic component that is very
difficult to control. Separating these influences on age trends
for infection from influences of biological protection is not
possible despite the size and accuracy of the national surveys.

The population-based data from discrete Chinese and Fili-
pino communities (82, 138, 139, 152, 193) are potentially more
informative. In three of the four discrete community studies,
the adult prevalence remained high relative to corresponding
estimates for children and adolescents. This was also noted for
intensity in two communities and could reflect the influence of
child-centered past control activities, which had occurred for
many years before in Hunan (China) and Leyte (the Philip-
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pines). The Chinese community on Jishan Island had been
treated only once with praziquantel, 3 years before the survey,
and this could mean that these data reflect a less perturbed
parasite distribution in an area of very high transmission. The
age patterns for Jishan Island showed a sharp fall from ado-
lescent peaks, a pattern considered typical for S. haematobium
and partly attributed for the latter to age-dependent immunity
(167). If the above data are taken together, it can be said that
extensive examination of age patterns for prevalence and in-
tensity of S. japonicum infection has not yielded curves typical
of those for the other human schistosomes (158).

Acquired Immunity in Humans

With this in mind, more useful data bearing on age-acquired
resistance to infection were obtained by conducting reinfection
studies in a cohort of at-risk residents in the Dongting Lake
region who were cured of infection and then monitored from
1996 to 1998. Great care was exercised to obtain accurate
measurements of reinfection and water exposure (101, 154,
156, 157). The central finding was that reinfection intensity
was highest among adolescents but that exposure was high-
est among adults (158). This feature was quite pronounced and
substantially exceeded differences that could be accounted for
solely by chance. The conclusion from the epidemiological
evidence is that Chinese adults appear to become less infected
than they should given their exposure and that such insuscep-
tibility (resistance) could reflect age-dependent acquired im-
munity. Additional explanations include postpubertal hormo-
nal influences (adrenarche) or increased mechanical barriers
to cercarial penetration, but there is, as yet, no biological evi-
dence for either effect among humans (62).

Animal Reservoirs

Domestic cattle and buffalo are the most important reservoir
hosts for human schistosomiasis in China. Wild rats and rabbits
can carry the infection but may be relatively unimportant to the
human cycle because of their small size and feral range. Al-
though goats and sheep are very susceptible, they are usually
few in number and cannot contribute much to overall trans-
mission (171). Horses, donkeys, and mules are also susceptible
but are usually confined to the mountainous zones. Until re-
cently, dogs were uncommon in rural China and were not
important hosts. Pigs are potentially important hosts, but they
are relatively short-lived and are often restricted to pens to
fatten faster and provide feces for biogas production.

Cattle and buffaloes are used to plough and carry loads and
are allowed to forage freely in many areas of endemicity, in-
cluding mountain canyons, marshlands, and islands in the lake
districts (103, 226). The buffalo herds ranging across marsh-
land areas can be very large (several hundred animals), and
they are brought back to shelter in the villages overnight. In
many areas the bovines and humans converge at water bodies
near the village, making cross-transmission inevitable. The
most populous zones are the marshlands and lake districts of
the middle reaches of the Yangzte, and there the overall ratio
of people to bovines and of buffaloes to cattle is approximately
10:1.

Bovines are large animals (500 kg), produce 100 times more
feces than humans (25 kg/day versus 250 g/day), deposit their
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excreta near or in surface water, and live 10 to 12 years. They
can carry large numbers of schistosomes and develop hepato-
intestinal disease. In marshland areas where S. japonicum is
endemic, 5 to 40% of bovines are infected. Praziquantel is
curative, but the animals become reinfected. In most areas
where schistosomiasis is endemic, a large proportion (>70%)
of the environmental contamination may be traced back to
bovine defecation (162, 225, 226). For these reasons, periodic
bovine treatment with praziquantel (25 mg/kg) is included in
control programs and managed by veterinarians employed in
the provincial Agriculture Bureau. The dose is lower than that
used for humans because the collateral effects may be fatal,
thought to result from portal occlusion by dead worms in
heavily infected animals, as noted for other forms of cattle
schistosomiasis (45).

Chinese veterinarians have noticed that older buffaloes tend
to excrete fewer viable eggs than those less than 18 months
old. This could reflect self-cure, decreased egg viability, or
decreased egg production by female worms, and all have been
described for other forms of bovine schistosomiasis (45). Sev-
eral experiments with S. japonicum infection have reported
these phenomena in studies involving a total of 39 water buf-
falo. There was considerable variation in the timing and meth-
od of establishing infections and outcomes. However, worm
burdens, worm size, and worm fecundity all appeared to de-
crease 1 to 1.5 years after infection (106, 107).

Current Control Strategies and Their Problems

Today, there are approximately 17,000 (1992 census) indi-
viduals working nationally at various levels to control schisto-
somiasis within China (63). Appropriate and stable manage-
ment from the central to township levels has been established,
with leading groups for schistosomiasis control at each admin-
istrative level. Each group consists of responsible officers from
the departments of public health, water resources, agriculture,
planning, and finance who jointly set up a schistosomiasis con-
trol office to draft laws and regulations, plan and carry out
programs, and monitor progress (227). Technical aspects are
taken care of at national and provincial levels by Institutes of
Parasitic Diseases, while antischistosomiasis stations at prefec-
ture and county levels are responsible for carrying out partic-
ular activities of the control program (141).

The World Bank committed a $71 million loan (with a com-
plementary $82 million from the PRC government) to China
for schistosomiasis control. The main goal of the World Bank
loan was to reduce the prevalence of schistosomiasis in both
humans and bovines (cattle and water buffaloes) by approxi-
mately 40%. This ambitious task relied primarily on two ap-
proaches. The first involves large-scale chemotherapy for hu-
mans and bovines with praziquantel, which has been produced
in China since 1978, and the other involves selective treatment
of humans (praziquantel) and snail control with molluscicidal
programs and/or environmental modification (63). Mass che-
motherapy was used when significant flooding occurred, as in
Hunan Province in July 1996, or when the prevalence in a
community was higher than 15%. Selective treatment was em-
ployed when the prevalence ranged between 3 and 15% or
when seropositive individuals aged 7 to 14 years were identified
when the prevalence was less than 3%.
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The World Bank was also involved in a number of research-
related activities throughout China, including impact and cost
analysis of praziquantel, economic assessment of different con-
trol strategies, development of new procedures in the diagnosis
of schistosomiasis (antigen or antibody detection), cercaria
detection, liver examination with the aid of ultrasound, and
health education. Each term, children were instructed for 3 to
4 hours on the life cycle of schistosomiasis and what precau-
tions should be taken. Videos, textbooks, and posters were
used as teaching aids to ensure that the message was clearly
understood. Thousands of children have received invaluable
information, which improves compliance with programs that
aim to lower the prevalence of schistosomiasis in transmission
areas (37).

South Korea, with financial backing from the World Bank, is
the major supplier of praziquantel to China. However, two
factories in China (in Shanghai and Nanjing) are able to pro-
duce this product should a crisis arise. In the Dongting Lake
region alone, approximately 150,000 infected people receive
praziquantel treatment annually (182). Despite the fact that
praziquantel can reduce the incidence of severe forms of the
disease and reverse much of the existing liver pathology (103),
it does not prevent reinfection and has little effect on advanced
hepatosplenic effects (98). It should be reemphasized that, to
date, there are no reports of praziquantel resistance in schis-
tosomiasis japonica.

There is a further and major complication of control of
S. japonicum, which (as mentioned earlier), unlike the other
human schistosomes, causes a true zoonosis and occurs as a
natural parasite of a large number of mammalian species which
act as reservoirs for the infection, rendering all chemotherapy-
based control inadequate. Domestic animals, especially bo-
vines and pigs, play a very important role in the transmission
and epidemiology of this diseases in China (29, 218). The
prevalence of schistosomiasis in many local Chinese commu-
nities is still high as a consequence, especially in the Dongting
and Poyang lake regions.

Other strategies are required to complement existing control
measures, and the development and effective application of an
anti-S. japonicum vaccine, applicable in the first instance in
bovines, especially water buffaloes, are warranted. The aim of
such a vaccine would be to eliminate or markedly reduce dis-
ease transmission to humans, achievable by a decrease in in-
tensity of infection and/or a reduction in worm fecundity and
egg viability in bovines. Vaccine development is discussed fur-
ther below.

Modeling Schistosomiasis Japonica

The statistical modeling of schistosomiasis has important
implications when considering options for control. Models can
predict the spread of disease, the utility of various strategies
for treatment coverage, and the impact of vaccines. The future
eradication of schistosomiasis in China will no doubt rely on a
combination of various control options, such as drug treatment
regimens, snail killing, vaccination, environmental modifica-
tion, and sanitation. Mathematical models will assist in esti-
mating the effects of these combined strategies and the costs of
control.

According to Barbour (9), the first attempt to model the
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occurrence of schistosomiasis in humans was made by Hairston
(74) in 1965, and the first dynamic model was made by Mac-
Donald in 1965 (108). Barbour (10) concluded that Mac-
Donald’s model did not provide a good description of observed
data and thus failed to explain the stability of the transmission
cycle. The modeling of S. japonicum infection in China is
especially complex because of the role that other mammalian
hosts, specifically bovines, play in transmission. As a result,
Barbour (10) has proposed a three-host general model based
on a simple Ross model and suggests its appropriateness for
modeling the transmission of S. japonicum. The key assump-
tions of the Ross model are that an infected definitive host has
an infectivity that is not influenced by the number of times it is
subsequently infected or by its parasite burden and a fixed
recovery rate whatever its infection history; a recovered defin-
itive host has the same susceptibility to infection as a definitive
host not previously infected; and host lifetimes are negatively
and exponentially distributed, and births of susceptible hosts
compensate for host mortality.

With these assumptions, the prevalence of disease in each
host is modeled as a function of time. Barbour extended the
single-definitive-host model by allowing for two such hosts. He
used this to determine bounds for the net reproductive param-
eter, which is the expected number of new parasites arising
from a single parasite in its lifetime and entering the definitive
host population. He compared qualitatively the likely success
of various control measures in eradicating schistosomiasis
when the population is only partially covered by a control
strategy. Furthermore, he suggested that this model can be
extended to more than two definitive hosts.

This model may be further extended to allow heterogeneity
in definitive hosts. If it is parametrized according to known
features of schistosomiasis epidemiology in the lake and
marshland areas of China, it is possible to simulate the impact
of competing control strategies. In particular, the model may
be used to compare targeted chemotherapy (with high cover-
age) and mass chemotherapy (with poorer coverage). To
achieve this, each of the two mammalian hosts may be subdi-
vided into groups that are characterized by baseline prevalence
of infection in humans (40, 30, 20, 10, and 5%) and bovines
(25, 20, 15, 10, and 5%) or degree of compliance with the
control strategy (50 and 90%). The prevalence of infection for
snails is set at 1%. These prevalences are based on reports
from lake and marshland communities in the 1990s (135). The
duration of infection is set at 1.4 months for snails, 1.5 years for
bovines, and 4 years for humans. The model assumes that snail,
bovine, and human populations remain in a steady state, with
replacements numerically equal to those leaving or dying.

Under the assumption that a system is in equilibrium, the
transmission parameters of Barbour’s model are estimated
from endemic disease prevalences, together with an additional
assumption about relative stool contamination for humans and
bovines in snail breeding areas. Data from the Poyang Lake
region of China (216, 219) indicate that in this population,
taking into account the numbers of humans and bovines and
their stool mass and infection rates, overall egg outputs of
bovines and humans were approximately equal. Once model
parameters are estimated, the impact of chemotherapy at one
point in time is determined by incorporating an immediate
reduction in prevalence in those treated by an amount deter-
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FIG. 5. Effect of schistosomiasis on human prevalence in China based on three treatment scenarios. Key assumptions are (A) mass human
treatment with 50% coverage; (B) selected or targeted human treatment with 90% coverage; and (C) selected or targeted human treatment with

90% coverage plus mass bovine treatment with 50% coverage.

mined by the efficacy of treatment (10). Over a subsequent
period of time, the impact of periodic human and/or bovine
treatment may also be simulated. Ten-year model simulations
with 5 years of control (Fig. 5) compare results for biennial
mass human treatment only (85% efficacy and 50% coverage),
selected human treatment (targeting 40% of the population
with the highest prevalence [35% compared to a prevalence of
10% in the remaining 60%]), and selected human and mass
bovine treatment. Under these assumptions, the net reproduc-
tion rate for all three scenarios is 1.45, indicating that eradi-
cation cannot occur and that, once treatment is discontinued,
prevalence will rise to former endemic disease levels. It is
evident from Fig. 5 that selective human treatment together
with mass treatment of bovines is the best treatment-based
control option.

IMMUNOLOGICAL CONSIDERATIONS

Immunology of Schistosomiasis

It would be impossible to report on progress towards devel-
opment of antischistosome vaccines without a description of
some basic details of the immunology of schistosomiasis. A
number of valuable reports cover this topic in animal models
and in humans (20, 48, 142, 143). An important point to make
is that schistosomes are nonreplicating organisms in their
mammalian hosts. As a result, a partial, nonsterilizing, natu-
rally acquired or vaccine-induced immunity could potentially
decrease human pathology and transmission in areas where
schistosomiasis is endemic. It has been estimated that a reduc-

tion in worm intensity of 50% or more would significantly
reduce pathology and degree of morbidity and decrease trans-
mission rates (116). A putative human vaccine would be given
to infants or small children in order to prevent severe infection
in later years of high risk. Booster vaccine doses may be un-
necessary, as subsequent trickle infections with cercariae could
provide continuous restimulation of immunity. Successful at-
tenuated cercarial vaccines have been tested in rodents and,
with S. japonicum, larger animals, including buffaloes under
field conditions and experimentally in pigs (116). Clearly, how-
ever, the antigen(s) involved in protection needs to be defined
and produced by synthetic or recombinant means for use as a
practical vaccine, aims central to the current research effort.

Important information facilitating the development of prac-
tical vaccines includes whether humans develop resistance
against schistosomes and, if so, whether effective protective
immunity can be induced with defined molecules in rodents, in
natural hosts such as buffaloes in the case of S. japonicum, and
in humans. These questions are considered below.

Immunology of Schistosomiasis in Rodent Models

The most recent studies of the immunological basis of high-
level resistance to infection in rodent models generally involve
immunization with UV or v-irradiated cercariae or schistoso-
mula, which fail to mature into adult worms and do not lay
eggs, so that egg-induced liver pathology can play no part (37).
It appears that lung stage schistosomula are the target of this
protective immunity in mice, but whether parasite killing in
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humans follows the same course remains to be established.
Nevertheless, it seems likely that antigens present at this de-
velopmental stage can be a potential source of novel vaccine
candidates (76). It is important also to emphasize that a key
obstacle to vaccine development in schistosomiasis is a lack of
understanding of what type of an immune response should be
invoked. As a consequence, a number of groups have used
gene-disrupted mice to study immune responses in general (16,
198) and to dissect the mechanisms involved in immune killing
of schistosomes following immunization by radiation-attenu-
ated cercariae (79, 197).

The immune response is regulated by a network of cross-
regulatory cytokines released by T helper (Th) cells. Extensive
early studies indicated the preeminence of T-cell-mediated
immunity in the acquisition of resistance by mice. Evidence
that activated macrophages play a role as effector cells in
protection against murine schistosomiasis, together with stud-
ies of the role of cytokines, suggested that a vaccine which
preferentially induces macrophage-activating Th1 cytokines
(e.g., gamma interferon [IFN-y] and interleukin-2 [IL-2])
might be beneficial in controlling schistosomiasis (140, 202).
More recent studies have demonstrated that IL-12, which pro-
motes Thl responses and suppresses Th2 responses, enhances
attenuated cercaria-induced immunity in terms of reduced
worm burden (202). Furthermore, this cytokine dramatically
reduces tissue fibrosis induced by natural infection (203), and
IFN-v, IL-12, and tumor necrosis factor alpha are required to
maintain the reduced liver pathology in mice vaccinated with
this IL-12-based vaccine.

While activated macrophages associated with Th1 responses
appear to be the major effector in mice protectively vaccinated
once with attenuated cercariae, other experiments have dem-
onstrated that repeated vaccination, while still protective, is
associated with Th2 cell responses (25), suggesting that both
Th1l and Th2 responses may contribute to protection. How-
ever, IgE does not appear to play an essential role in the
murine response to schistosome infection (56), as appears to
be the case in the rat model and probably in humans (see
below). Other work has demonstrated that protection in mice
multiply vaccinated with attenuated cercariae can be mediated
by humoral factors transferable in serum to naive recipients
(125) and that an increased level of protection is transferable
by increasing the number of vaccinations (54). Studies using
B-cell-deficient and IFN-y knockout mice (5, 86) or double
(IL-10 and IL-4 deficient or IL-10 and IL-12 deficient) knock-
out mice (79) have strongly reinforced the belief that effective
vaccination against schistosomes depends on the simultaneous
induction of both type 1- and type 2-associated immune re-
sponses. This conclusion may explain the limited success of
most subunit vaccine protocols designed to preferentially in-
duce either B-cell- or IFN-y-dependent protective mecha-
nisms. These new and important findings will clearly impact on
future antischistosome vaccine development.

Although the concept has been questioned (196), antibody-
dependent cell-mediated cytotoxicity (ADCC) mechanisms
have been shown to efficiently kill newly transformed schisto-
somula in vitro (24), with IgE and subclasses of IgG or IgA
acting in conjunction with effector cells such as eosinophils
[with selectin and Lewis(x) antigen acting as coreceptors with
human eosinophils (132)], macrophages, and platelets. This
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occurs in primate and human schistosomiasis as well as in the
rat model. Rats are semipermissive hosts which eliminate the
primary schistosome burden about 4 weeks postinfection and
subsequently develop protective immunity to reinfection. Re-
cent findings have shown that S. mansoni infection can drive
Th2 responses in rats in the absence of egg production, which
is required to induce a Th2 response in mice, and are in favor
of the role of Th2-type cytokines (e.g., IL-4, IL-5, and IL-10) in
protective immunity against reinfection (116). Adoptive trans-
fer of eosinophils or platelets bearing cytophilic IgE was able
to induce resistance to infection in rats (23). In addition,
monoclonal antischistosome antibodies of the rat IgE and
IgG2a isotypes could passively transfer protection (69, 179),
while immunity was diminished following anti-p. and anti-IgE
antibody treatment of neonatal rats or when IgE-depleted im-
mune rat serum was passively transferred (12, 92). Potentially,
antischistosome vaccines capable of replicating ADCC mech-
anisms could be very potent, but it is fair to say that evidence
for ADCC efficacy in vivo is somewhat limited.

Immunity in Humans

Longitudinal treatment and reinfection studies of human
schistosomiasis mansoni (19, 88) and schistosomiasis haema-
tobia (194) suggest that acquired immunity develops gradually
with age, a phenomenon that is particularly evident at or fol-
lowing puberty. Associations suggesting acquisition of anti-
S. japonicum infection immunity have also been noted in pre-
liminary studies in China and the Philippines (158). Knowledge
of such processes could prove invaluable in identifying and
targeting those immune responses required for the develop-
ment of effective antischistosome vaccines. The exact role
played by cytokines in regulating susceptibility or resistance to
schistosome infection in humans remains unclear. Taking the
available data as a whole suggests, however, that both Thl-type
and Th2-type cytokines are involved in the human immune
response to schistosomes and that they can be downregulated
by active infection (112, 116).

Allergic-type immune responses, particularly IgE, correlate
with the development of human resistance to reinfection for
both S. haematobium (73) and S. mansoni (46, 53, 148, 149). In
baboons also, it has been shown (130) that adult worm-specific
IgE is associated with acquired immunity to S. mansoni infec-
tion. In contrast, IgG4 (53, 149) and IgG2 (149) were found to
correlate with susceptibility, and it has been suggested that a
specific function of IgG4 in serum might be to control antigen
recognition by IgE and consequently to regulate anaphylactic
reactions and IgE-mediated immunity (133).

Antibodies recognizing specific parasite antigens have also
been associated with resistance to reinfection in humans. These
include IgG antibodies against a 37-kDa molecule, GAPDH
(47, 67), and IgA antibodies against a schistosome-derived
28-kDa glutathione S-transferase (GST) (66). Furthermore,
there has been much recent interest in defining the molecular
targets of IgE antibodies from resistant subjects, as these may
provide important candidates for a vaccine. Accordingly, IgE
recognition of an S. mansoni 22.6-kDa tegumental antigen was
shown to correlate with low levels of reinfection after drug
treatment, suggesting that IgE responses to this antigen may be
protective (70). It has been proposed that IgE antibodies may
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also play a significant role in immunity to human schistosomi-
asis japonica and that an antigen(s) in the 22-kDa range also
appears to be the target of this response, at least in studies
carried out in the Philippines (72, 159, 187). There is evidence
as well that IgE directed towards glycolipids could play an
important role in resistance to schistosome reinfection (188).

A recent study based in Brazil reports that the IgE and IgG4
responses to defined S. mansoni antigens aggregates within
families (177). This reinforces other kinship and family studies
of genetic susceptibility, which have indicated the presence of
a codominant major gene (SM1) controlling the intensity of
S. mansoni infection (2). SM1 has been localized (2, 3, 113,
128) to a region of chromosome 5 (5q31-q33) close to the
colony-stimulating factor-1 receptor gene and other genes en-
coding cytokines or cytokine receptors implicated in regulating
the immune response against schistosomiasis and other patho-
gens. There is evidence (150) that the SM1 locus controls the
differentiation of Th2 lymphocytes and schistosome infection.
No studies have yet been undertaken on S. japonicum, and this
is clearly an area for future research.

VACCINE DEVELOPMENT

Rationale

Evidence supporting the feasibility of a vaccine for schisto-
somiasis has been provided by successful vaccination-challenge
experiments using attenuated cercariae in animal models of
infection. Work on mice has demonstrated that it is possible to
evoke protective immunity against a challenge infection with
schistosomes by immunization and subsequent exposure of the
mice to cercariae previously attenuated using either UV or -
irradiation (123, 150). In the case of S. japonicum, however, it
has been shown that certain mouse strains may not be suitable
hosts for studies involving y-irradiated vaccines (124, 140). Fur-
thermore, protection against schistosome parasites appears to
be species specific (124, 150) and, in the case of the Chinese
and Philippine strains of S. japonicum, even strain specific (15,
124). UV-attenuated S. japonicum cercarial vaccines have been
tested successfully in buffaloes (222) and in pigs (163) under
field conditions in China, but due to the difficulty and imprac-
ticality of producing quality-controlled, reproducible batches
of these vaccines on a large scale and the associated safety
considerations, they are clearly not suitable for use in humans
or for wide veterinary application. As a result, considerable
attention has focused on investigating the protective mecha-
nisms of the anti-schistosome immune response and identify-
ing relevant parasite antigens that may be involved in inducing
protective immune responses, with a view to developing a re-
combinant synthetic-peptide-based (164) or DNA (4) vaccine.
The following section provides a summary of the most encour-
aging vaccine antigens that have been shown to confer protec-
tion in animals against schistosomiasis japonica.

Vaccine Candidates

Recent encouraging studies testing S. japonicum vaccine an-
tigens have provided cause for optimism for the development
of a vaccine against schistosomiasis japonica to be applied both
in the veterinary context (to impact on human transmission)
and clinically (to prevent or reduce disease). The research has
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involved studies on the cellular proliferation (51) and cytokine
production (181) by human peripheral blood mononuclear
cells stimulated by recombinant S. japonicum antigens in sub-
jects residing in the schistosomiasis-endemic Dongting Lake
region of China, together with the testing of native and recom-
binant antigens in vaccination-challenge trials in animals. A
number of molecules are currently of interest and include 26-
kDa and 28-kDa GSTs, paramyosin, triose-phosphate isomer-
ase, a 23-kDa integral membrane protein, GAPDH, calpain,
calreticulin, and tegumental antigens in the 22.6-kDa range
(116, 117, 118). A series of vaccination studies with a recom-
binant form of the homologue of the S. mansoni myosin frag-
ment LrV-5 have also been carried out, but the results proved
to be generally disappointing (180). A summary of the protec-
tive efficacy of the leading S. japonicum vaccine candidates is
presented in Table 3. As with S. mansoni GST (and S. haema-
tobium GST, which has recently undergone a phase I clinical
trial), the logical way forward is to produce GMP formulations
of suitable S. japonicum vaccine candidates and their efficacy in
extensive field trials on domestic livestock, particularly bovines,
probably in China, and later in well-controlled phase I/II hu-
man clinical trials.

New Approaches

A series of novel techniques have been applied by a number
of groups in attempts to identify new schistosome vaccine can-
didates and to enhance the immunogenicity and effectiveness
of available schistosome vaccines. These approaches include
the use of Bordetella pertussis filamentous hemagglutinin in
conjunction with S. mansoni 28-kDa GST (145, 221), recom-
binant Mycobacterium bovis bacillus Calmette-Guérin express-
ing S. haemotobium 28-kDa GST (119), S. mansoni 28-kDa GST
entrapped by biodegradable microparticles (94), recombinant
vaccinia viruses and gene gun vectors expressing S. mansoni
calpain (8), the coupling of a major B-cell epitope of GAPDH
to ovalbumin coadsorbed with granulocyte-macrophage colo-
ny-stimulating factor or IL-12 on alum (57), putative identifi-
cation of novel vaccine candidates by isolation of T-cell anti-
gens from a recombinant protein library (80), the expression of
an epitope of the protective S. mansoni surface antigen 9B in
the flagellin of Salmonella serovars (55), and the combina-
tion of praziquantel treatment and S. mansoni 28-kDa GST
DNA immunization (13). Results with these strategies have
been generally encouraging, and they can provide the basis
for more effective vaccines in the future. Indeed, several of
the approaches have yielded outcomes that provide cautious
optimism for the development of a successful oral vaccine
against schistosomiasis, which, if successful, would be a major
advance.

Furthermore, the Schistosoma genome has become the sub-
ject of a major characterization initiative, through support
from the WHO Tropical Diseases Research Program and oth-
er agencies. This has resulted in rapid expansion of knowl-
edge of the schistosome genome, including the development
of cDNA libraries from different developmental life cycle
stages and the generation of approximately 10,000 expressed
sequence tags from S. mansoni and S. japonicum (58, 195).
As this database increases, it is likely that a number of novel
vaccine candidates will be identified for future study. In addi-
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TABLE 3. Protective efficacy of leading S. japonicum vaccine candidates®

Antigen Host

Vaccine protocol”

Efficacy

Unfractionated GST, 26/28 kDa (native) Mouse, BALB/c strain
Sheep
GST, 26 kDa (native) Rat

GST, 26 kDa (recombinant) Mouse, BALB/c strain
Mouse, NIH strain

Pig

Buffalo
Sheep

GST, 28 kDa (native) Rat

Mouse, BALB/c strain®
Mouse, CBA strain®
Mouse, C57BL/6 strain®
Sheep

GST, 28 kDa (recombinant)

Buffalo®
Cattle®

Mouse, NIH strain
Mouse, NIH strain
Mouse, ICR strain®
Sheep

Paramyosin (native)

Sheep

Buffalo®
Cattle®

Mouse, CBA strain
Mouse, Kunming strain
Mouse, strain unknown
Pig

Paramyosin (recombinant)

Pig
Paramyosin fragment (recombinant) Sheep

Buffalo®
Cattle®

TPI (native) Mouse, NIH strain

Integral membrane protein fragment (Sj23)
(recombinant)

Sheep

Buffalo®
Cattle®

FCAJFIC, s.c.
FCA/FIC plus KLH, i.m.

Unknown

FCA/FIC, s.c.
FCA/FIC, s.c.
Alum, i.m.

FCA/FIC, s.c.
FCA/FIC, i.m.

Unknown

FCA/FIC, s.c.
FCA/FIC, s.c.
FCA/FIC, s.c.
FCA/FIC, s.c. or i.m.

FCA/FIC, route unknown
FCA/FIC, route unknown

FCAJFIC, s.c.
No adjuvant, i.p.
No adjuvant, i.p.
BCG, i.d.

No adjuvant, i.d.

BCG, route unknown
BCG, route unknown

Quil adjuvant, s.c.
Quil adjuvant, s.c.
Unknown

Alum, i.d.
Titermax, i.d.

BCG, i.d.

BCG, route unknown
BCG, route unknown

FCA/FIC, s.c.

FCA/FIC, im.

FCA/FIC, route unknown
FCA/FIC, route unknown

26-30% worm reduction
30% worm reduction, no liver egg reduction,
52% fecal egg reduction

Up to 53% worm reduction

26-30% worm reduction

24-26% worm reduction

25-29% worm reduction, 47-54% liver egg
reduction

22% worm reduction, 48% liver egg reduction

30-62% worm reduction, 19-55% liver egg
reduction, 11-37% fecal egg reduction

Up to 43% worm reduction

No worm or egg reduction

No worm or egg reduction

0-35% worm reduction,” no egg reduction

34-69% worm reduction, 56-69% liver egg
reduction, 43-60% fecal egg reduction

33% worm reduction, 36% fecal egg reduction

No worm reduction

27-28% worm reduction

No worm reduction

62-86% worm reduction

44-48% worm reduction, 53-56% liver egg
reduction, 63% fecal egg reduction

43% worm reduction, 43% liver egg reduction,
24% fecal egg reduction

No worm reduction

31% worm reduction, 36% fecal egg reduction

32% worm reduction, 35% liver egg reduction

32% worm reduction, 66% liver egg reduction

20-60% worm reduction

25-33% worm reduction, some fecal egg
reduction

35% worm reduction

17% worm reduction, no liver egg reduction,
16% fecal egg reduction

35% worm reduction, 16% fecal egg reduction

19% worm reduction

21-24% worm reduction, 57-60% liver egg
reduction

59% worm reduction, 55% liver egg reduction,
35% fecal egg reduction

33% worm reduction, 51% fecal egg reduction

32% worm reduction, 71% fecal egg reduction

“ Reprinted from reference 117 with permission from the publisher.

? FCA, Freund’s complete adjuvant; FIC, Freund’s incomplete adjuvant; s.c., subcutaneous injection; i.m., intramuscular injection; i.d., intradermal injection; i.p.,
intraperitoneal injection; BCG, bacillus Calmette Guérin; TPI, triose-phosphate isomerase.

¢ Challenged with Philippine strain S. japonicum.

“ Inconsistent efficacy results, as the 35% worm reduction could not be repeated in a follow-up experiment.

¢ Natural field challenge.

tion, the recent construction and characterization of an S. man-
soni bacterial artificial chromosome library (96) provide a new
resource for the physical mapping and sequencing of the schis-
tosome genome.

HUMAN GENETICS AND SUSCEPTIBILITY

The host genome has a profound influence on susceptibility
or resistance to disease induced by infectious agents (193).
Previous genetic studies of humans living in regions where

schistosomiasis is endemic have identified at least two genomic
regions which are associated with infection intensity or clinical
manifestation. As was discussed above, segregation and link-
age analysis of Brazilian pedigrees resulted in the detection (2)
of a codominant major gene (referred to as SM1) controlling
the intensity of infection by S. mansoni and located near a re-
gion containing the colony-stimulating factor-1 receptor mark-
er gene on human chromosome 5q31-q33 (113). This result
was confirmed in a Senegalese population (128).
Hepatosplenic disease (advanced schistosomiasis) is charac-



290 ROSS ET AL.

terized by periportal liver fibrosis, spleen enlargement and
congestion, portal hypertension, and other serious sequelae.
These are the end result of CD4™ T-cell-dependent granuloma
formation, caused by live parasite eggs lodged in hepatic portal
venules. CD4™ T-cell responses are dependent on antigen pre-
sentation in the context of class II major histocompatibility
complex (MHC) antigens, and therefore it is likely that host
MHC class II phenotypes may influence susceptibility and re-
sistance to hepatosplenic disease. Indeed, previous work in an
area where S. mansoni is endemic in northeastern Brazil indi-
cated a significant (P < 0.005) association between the pres-
ence of the HLA class II allele DQB1*0201 and hepatosplenic
disease (160). In direct contrast, a study by Mohamed-Ali et al.
(122) indicated that severe fibrosis in human schistosomiasis
mansoni is under the control of a genetic locus that is not
linked to the HLA locus.

Work by Waine et al. (181) in Jiangsu Province, China,
has shown that two alleles, HLA-DRB1%1202 and HLA-
DQA1x0601, are statistically associated with failure to develop
advanced schistosomiasis. In contrast, HLA-DQB1+05031 was
associated with susceptibilty to advanced disease. It was inter-
esting that allele DRB1+1202 occurred with allele DQA1:x0601
and thus their independent protective effects could not be
ascertained. In contrast, alleles DQA1x0601 and DQB1x05031
never occurred together and had opposite and significant ef-
fects on the occurrence of disease. In another study under-
taken in Jiangxi Province, it was demonstrated that pa-
tients with HLA-DRBI alleles DRB1x1202, DRB1x1404, and
DRB1x1405, associated with increased fibrosis (susceptible),
all encoded a valine at amino acid residue 86, whereas alleles
associated with resistance, DRB1+1101, DRB1+0409, and
DRB1x0701, all encoded glycine at position 86. The presence
of the valine-86 allele was significantly increased in patients
with fibrosis (77). A more extensive follow-up HLA-class I/I1
allele typing study on an expanded number of individuals
from the same village indicated that the HLA-DRB1*1101-
DQA1+0501-DQB1*0301 and HLA-DRB1x1501-DRB5*0101
haplotypes are associated with protection from and suscep-
tibility to grade 1 fibrosis, respectively, and that the HLA-
DPA1x0103-DPB1+0201 haplotype is associated with protec-
tion against more severe disease (78).

The reasons for the differences in HLA class II associations
observed for the Chinese populations studied are noteworthy
and probably reflect many influences, acting independently or
synergistically, on the genetic analyses. Genetic differences in-
herent between the S. japonicum populations and/or the hu-
man populations surveyed may have contributed to the differ-
ent susceptibility-protection HLA II associations obtained. As
discussed by Hirayama et al. (77), the presence or absence of
hepatitis B in these communities and the influence of smoking
and alcohol intake, which are known to influence the progres-
sion of liver fibrosis, may partly explain the disparity. Further-
more, variation in the intensity of S. japonicum infection in
individuals from the different areas, differing exposure patterns
to infection in the three communities, different praziquantel
treatment doses, coverage, and frequency, and the immune
status of the subjects investigated may also have affected the
analysis.
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NEW THREAT TO CONTROL

The ecology of central China will soon change substantially
in ways that could affect the distribution and transmission
of schistosomiasis (170). The Chinese government has be-
gun work on a giant impoundment across the Yangtze River,
and by 2003 this Three Gorges Dam will be closed to a height
of 135 m. Six years later it will reach its full height of 185 m and
begin to generate 18,600 MW of power for the whole of China
(84). It will also help to control the lower Yangtze floods,
which cause periodic disasters and are much feared. But it will
create a lake behind the dam that will stretch 600 km upriver,
with shorelines suitable in many areas for schistosomiasis. The
lake will be located between the two key transmission zones of
S. japonicum, Sichuan and Hubei-Hunan provinces. The down-
stream schistosomiasis-free buffer is only 40 km, and the up-
stream buffer is 500 km. Dislocations of over 1 million people,
immigration into areas settled by 19 million people along the
lake, and increased river traffic could introduce both parasite
and intermediate host into the lake. The lake will provide an
opportunity for hybridization by two subspecies of the inter-
mediate host, O. hupensis subsp. robertsoni in Sichuan and
O. hupensis subsp. hupensis in Hubei, with unpredictable con-
sequences (see above). Once schistosomes are established in
the lake, they would be difficult to eradicate.

In addition to the problems posed by the new lake, the
downstream area will undergo massive change in ways that
could also affect schistosomiasis. Downstream flows will be
higher in winter and lower in summer. The marshlands will
expand. Silt deposition will change; some areas will become
more suitable for intermediate-host snails, and other areas
will become less suitable. This is certain to alter the distri-
bution and endemicity of schistosome infection in unpredict-
able ways.

CONCLUSIONS

The collective effort to understand and control schistosomi-
asis japonica in China over the last 50 years has been enor-
mous. In areas where it was possible, the transmission envi-
ronment was modified to make it resistant to the snail hosts.
Toxic drugs were used to cure infection, and those infected
were monitored for years until cure was certain. Great progress
was made, and the awful toll taken on affected human popu-
lations has now been reduced greatly. Dwarfism, impoverishing
incapacity to work in rural areas, and widespread premature
death are now gone. We hope they will not return, and we
salute the tenacity and dedication of the thousands of schisto-
somiasis control workers, farmers, government cadres, and
others who made this possible.

In some areas, eradication was not successful. However,
advances in chemotherapy with praziquantel and (probably)
artemether now make it possible to cure and prevent both
parasite infection and associated fibro-obstructive disease. But
in areas of continued transmission, it is not possible to remove
the parasite from the environment. Thus, chemotherapy needs
to be given repeatedly to protect communities, a process that
must eventually lead to community fatigue and possibly to drug
resistance (65).

The inability to eradicate the parasite from large areas of the
lake and marshland zones of the middle Yangtze and from the
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upper reaches of that river, together with ecological changes
soon to arise throughout the Yangzte basin due to construction
of the Three Gorges Dam, make it imperative to develop new
strategies for control (155). Foremost among these is the de-
velopment of human and animal vaccines.

Considering the breadth of consolidated, international ef-
forts to generate schistosomiasis vaccines, we can be hopeful
that these endeavors will one day have a successful outcome.
The path to eventual success is, nevertheless, likely to be de-
manding, and we may have to wait some time before the ulti-
mate final product, possibly comprising a combination of two
or more antigens, is available. To date, however, there has
been limited interest in the use of a multivalent antigen or
multiepitope approaches. It is worth emphasizing that even
when it becomes available, a schistosome vaccine in China will
probably be used most effectively as one component of an
integrated program of schistosomiasis control that would in-
clude effective and well-tested approaches currently in use in
China.
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