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ABSTRACT

Schistosomiasis and visceral leishmaniasis, each responsible for serious morbidity
and mortality, also have overlapping endemicities e.g. in the Sudan. Both cause
granulomatous responses in the liver. Leishmania donovani amastigotes are killed by Thl-
dependent macrophage activation whereas schistosome eggs induce Th2 dependent
granulomas which protect the liver tissue from toxic products and from Thl dependent
inflammatory responses. In view of the reciprocal counter-regulation of Thl and Th2
responses 1t was hypothesized that co-infection would lead to altered immune responses

and exacerbation of disease. This was modelled in the mouse using Schistosoma mansoni

and L. donovani. When C57BL/6 mice were mfected with 25 cercariae of S. mansoni and
superinfected, 8 weeks later with L. donovani the co-infected mice (CO-INFECT) sutfered
increased morbidity and mortality and elevation of serum liver enzymes, ALT/AST
(aspartate/alanine aminotransaminase) compared with mice given the single infections
(LEISH or SCHISTO). Schistosome worm and egg burdens and egg granulomatous
responses were comparable in CO-INFECT and SCHISTO mice. In contrast, CO-INFECT

and LEISH mice showed comparable L. donovani infection (Leishman Donovan units
[LDUs]) in both liver and spleen at +2 weeks but the CO-INFECT mice showed
progressively increased LDU up to +8weeks post Leishimania infection compared to
declining LDUs 1n the LEISH group.

The S. mansoni mtection induced significant IL-4 and IL-10 but not IFN-vy
splenocyte and liver lymphocyte recall responses to schistosome antigens and mitogen
whereas the LEISH infection induced specific IFN-vy production but not II.-4 to Leishmania
antigen (Formalin fixed Leishmania amastigote antigen, FLAA). This IFN-vy response was
markedly lower at +2 and +8 weeks post infection in the CO-INFECT mice but FLAA-

specific IL-10 responses were higher. Since B-cells have been reported to be a major source
of IL-10 1n §. mansoni infected mice, co-infection experiments were carried out in uMT
mice which lack B cells. Indeed there was lower IL-10 production in the CO-INFECT uMT
mice and also a lower fold increase in LDU 1n the liver of CO-INFECT vs. LEISH mice
compared with the wild-type (WT, C57BL/6) mice. However, the uMT mice were also
much less susceptible to infection with L. donovani alone than the WT mice so it 1s difficult

to interpret the significance of these results. Administration of anti-IL-10 receptor antibody
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(ant1-IL-10R) between weeks 6-8 after super-infection reduced the high L. donovani LDU
in the CO-INFECT mice but the significance of this was uncertain since anti-IL-10R treated
LEISH mice also had lower LDUs.

Morphologically mature L. donovani granulomas are associated with leishmanicidal
activity. Histology and immuno-histology showed an increasing proportion of
morphologically mature granulomas in the hepatic parenchyma of LEISH mice as the
intection resolved (i.e. between weeks +2 and +8) but in the CO-INFECT mice this
proportion did not change. Higher mean amastigote numbers in L. donovani granulomas 1n
the parenchyma of CO-INFECT mice suggested reduced leishmanicidal activity.
Throughout the time course 60% of the foci of L. donovani infection were seen in various
locations within the egg granulomatous response, most commonly in a ring around the

outside of the granulomas but occasionally within giant cells in egg shells at the centre of

the granulomas. Typical hepatic L. donovani granulomas did not form around such foci and

the amastigotes appeared partly contained.

The data suggests that in LEISH mice mature granulomas effectively kill the
contained amastigotes limiting new infections so that by +8 weeks the granulomas are all
mature or fully resolved. In contrast although morphologically normal mature L. donovani
granulomas form 1n the parenchyma of CO-INFECT mice these show reduced
leishmanicidal activity' resulting 1in spread and establishment of new infections. It 1s
concluded that raised Th2 responses to S. mansoni results in lowered Leishmania specific

[FN-v responses and raised levels of IL-10, both of which would reduce Thl mediated
macrophage activation required for killing of L. donovani amastigotes. The effects of IL-10
plus the failure of Leishmania granulomas to develop around foci within the egg
granulomas suggests very poor leishmanicidal activity in such foci.

The final section of these studies was concermned with the effects of an established L.
donovani intection on a 5. mansoni infection superimposed 2 weeks later. At 8 weeks post
super-infection, there was no effect on the schistosome worm or egg burdens or the
immunological and pathological response to the eggs i1.e. a strong Th2 response still
developed. However, lower L. donovani LDUs were seen 1n the CO-INFECT mice than in
the LEISH alone and 1t 1s suggested that the early phase of the schistosome infection which

is characterised by Thl responses may have promoted the protective anti-leishmanial

response.
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ABBREVIATIONS

M Molar

Mm Millimolar

cm Centimetre

mm Millimetre

nm Nanometre

mg Milligram

ng Nanogram

ug Microgram

L Litre

ml Millilitre

ul Microlitre

w/V Wave length

S.C Subcutaneously

1.p Intraperitoneally

1.1. Intranasally

h Hour

X Times

p.l. Post-infection

+d Superinfection 1in days
+wks Superintection in weeks
Spp Species

CO2 Carbon dioxide

SD Standard deviation

SE Standard error

ELISA Enzyme linked immuno-sorbent assay
PCR Polymerase chain reaction
mRINA Messenger ribonucleic acid
DNA Deoxynbonucleic acid
ICAM-1 Intracellular adhesion molecule
PGE?2 Prostaglandin E2

PGD?2 Prostaglandin D2
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[FN-v Interferon gamma

[FN-o/3 Interteron alpha/beta

[L- Interleukin-

Gm-CSF Granulocyte-macrophage stimulating factor
TGF-3 TIranstforming growth factor-3

TNF-« T'umour necrosis factor-o

TNFR1 Tumour necrosis factor-a receptor I

TNFRII Tumour necrosis factor-a receptor II

INOS Inducible nitric oxide synthase

NO Nitric oxide

ROI Reactive oxygen intermediates

COX Cyclooxygenase

cAMP Cyclic adenosine monophosphate

PKC Protein kinase C

kD Kilodalton

PHA Phytohaemagglutinin

PPD Protein purified protein

BCG Bacille Calmette Guerin

TT Tetanus Toxoid

CTB Cholera toxin (3 subunit

MOG Myelin oligodendrocyte glycoprotein

ConA Concanavalin A

SEA Soluble egg antigen

SWAP Soluble worm antigen preparation

FLAA Formalin fixed Leishmania amastigote antigen
Ags Antigens

LNFPIII Lacto-N-fucopentose III (schistosome egg glycoconjugate)
LNT Lacto-/N-neotetraose (schistosome egg glycoconjugate)
CTLA4 Cytotoxic T lymphocyte-associated antigen 4
GST28 glutathione S-transferase

Sm-p40 Schistosoma mansoni-protein 40 (epitope)
Pa Propriomibacterium acnes



IgG
IgE
Abs
mADb

Rat IgG

Ant1-1L-10R

Ant1-LV9
TLR
aaMo
CaM@
DC

APC

GM

Grn

KCs

It

Thl

Th2

Th3
CTLs
Yo T cells
CMI
MLN
TCC
ADCC
LDU
U/L

ALT
AST
SM?2
Yml1/ECF

MHC-11

Immunoglobulin G

Immunoglobulin E

Antibodies

Monoclonal antibody

Rat-immunoglobin G

Anti-interleukin 10 receptor monoclonal antibody
Hamster anti-leishmania donovani-strain 9
Toll-like receptor

Alternatively activated macrophages

Classically activated macrophages

Dendritic cells -
Antigen presenting cells

Granuloma macrophage

Granuloma

Kliptter cells

T regulatory cells

T helper cell-typel

T helper cell-type?2

T helper cell-type3

Cytotoxic T cells

Gamma delta T cells

Cell mediated immunity

Mesenteric Lymph node

T cell clone

Antibody dependent cytotoxic cells

Leishman Donovan Units

Umnit/Litre

Alanine Aminotransaminase

Aspartate aminotransaminase

major codominant gene responsible for familial hepatic fibrosis
Eosinophil chemotactic factor

Major histocompatability-type 2
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TCR I' cell receptor

FCHR Fc gamma receptor

MR Macrophage mannose receptor

FOXP3 Ireg transcription factor forkhead box P3

STAT4 Signal transduction and activator of transcription 4-
STAT6 Signal transduction and activator of transcription 6-
SCID Severe combined immuno-deficient mice

RAG Recombination activated genes knockouts (lacking B and T cells)
uMT B-cell deficient mice

T Transgenic mice

KO Knock out mice

BDC2.5 Genetically predisposed non-obese diabetic mice
NOD Non-obese diabetic mice

Nrampl Natural resistant associated protein 1

INT Intestinal form of schistosomiasis

HS Hepatosplenic form of schistosomiasis

SCHISTO Schistosoma mansoni 1nfected mice

CO-INFECT Co-1nfected mice

LEISH Leishmania donovani infected mice

Ld Leishmania donovani

VL Visceral leishmaniasis

PBMC Peripheral blood mononuclear culture

HIV Human immunodeficiency virus

HCV Hepatitis C virus

HBV Hepatitis B virus

GBV-C/ HGV GB virus type C /Hepatitis G virus

LPS Lipopolysaccharide

NS Non specific
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Chapter 1

INTRODUCTION
1.1 Introduction to Schistosoma mansoni:

1.1.1 General Introduction:

Schistosomiasis is considered one of the most important public health problems in the
tropics and subtropics, affecting 4% of the world's population, an estimated 200 million
people 1in 74 countries (WHO, 1985; Doumenge and Mott, 1984; Bergquist, 2002). The
most atfected areas are: Africa and the Middle East especially the Nile delta (Egypt); parts
of the Far East and South-East Asia; and in the New World, notably the Amazon Basin. For

example, a total of 2.5 million individuals are estimated to be infected by Schistosoma
mansoni 1 Brazil despite years of attempted control (Passos and Amaral, 1998). Globally,
schistosomiasis 1s recognised as being the most important human helminth infection,
ranking second to malaria among parasitic causes of human ill-health. The estimated
mortality due to Schistosoma mansoni and Schistosoma haematobium in sub-Saharan
Africa 1s 280,000 per year (van der Wert et al., 2003). Schistosomiasis 1s an important 1ssue

for travel medicine with an increased incidence of prolonged unexplained pyrexia among

tourists travelling to endemic areas thought to be due to acute Katayama fever (van
Lieshout et al., 1997; Elliott, 1996). The infection 1s transmitted by water snails and surface

waters such as irrigation canals, nivers, streams, ponds or lakes are the usual source of

infection but water piped or carried from rural areas to towns may be a source of intection

t0O0.

The outcome of schistosome infection is influenced by many factors, such as the species of
infecting parasite (there are three major human species, 5. mansoni, 5. haematobium and S.

japonicum), the intensity and duration of infection, and genetic makeup of the human host.

In many endemic areas, the prevalence of infection 1s often very high among young
individuals but even so, most infections are light, and only 1n the case of a heavily infected
minority does significant disease occur (Salam et al., 1979; Kojima et al., 1984; Kamel et

al. 1984; Ohta et al., 1990; Hafez et al., 1991; Marquet et al., 1996; Abel et al., 2000).



Schistosomiasis is curable but, if left untreated, can persist for 30 years even though the
parasite cannot reproduce 1n the human host (Lucey and Maguire, 1993). In longstanding 5.
mansoni and 5. japonicum infections constant egg deposition causes extensive liver fibrosis
and may give rise to irreversible calcification of the portal vessels, leading to increased
portal blood pressure and periportal fibrosis (Symmer’s clay pipe-stem fibrosis). However,
fibrosis and collateral circulation development may progress insidiously and fatal
haematemesis may occur without waming. Also some patients develop liver failure,
perhaps caused by concomitant infection with hepatitis viruses (Dean ef al., 1987). Chronic
5. haematobium infections cause fibrosis and dysfunction of the bladder and urinary tract.
The 1nfection has also been associated with bladder cancer mostly in endemic areas (Dean
et al., 1987, Wilkins ef al., 1987; Farid et al., 1990) and S. haematobium has now been
otficially classified as a carcinogen (Vainio and Kleihues, 1994). Schistosomiasis has
sertous health consequences ranging from reversible growth faltering, permanent growth
retardation, clinically overt symptoms (e.g. nausea, diarrhoea, dysentery, and fever).
Malnutrition caused by loss of appetite, nutritional loss, malabsorption, and decreased

nutrient utilization also occur (Crompton et al., 2000; Stephenson et al., 2000; O'Lorcain ef

al., 2000). In severe intense infection, schistosomiasis can lead to a decrease 1n working

capacity (Parker, 1992; 1993), and there 1s increasing evidence that S. japonicum

(McGarvey ef al., 1993), S. haematobium (Stephenson ef al., 1986; 1989) and §. mansoni
(Jordan and Randall. 1962; Costa et al., 1988; Corbett er al., 1992) can each adversely
affect child growth and nutritional status. It has also been reported (Kimura et al., 1992)

that S. haematobium infection depresses cognitive function in children.

There is at present only one widely available schistosomicide, praziquantel. This 1s safe,
effective and now relatively cheap. However, there are concerns about the possible
development of drug resistance. Recently, Cioli er al. (2000) demonstrated that
schistosomiasis cure rates using praziquantel are worse than those a decade ago and other
treatment failures have been reported (Ismail et al, 1994a; 1994b; 1999). Also
praziquantel-resistant strains of S. mansoni have been generated experimentally (Fallon and

Doenhoff, 1994) although this does not appear to be widespread as yet 1n the field.

Given its distribution in the developing world, which is burdened by many other disease

agents, schistosome infection is frequently found together with other intectious organisms,



viruses, bacteria, protozoa and other worms. The significance of the interplay between
these different organisms has only recently been appreciated and attention focussed on the
Interplay between microparasites, which tend to induce Thl type responses, and the worms
which tend to induce Th2 responses (Scott, 1991a). The influence that the immune response
induced by infectious agents may have on the Th2-dominated allergic reactions including

asthma 1s also the subject of great interest (Yazdanbakhsh et al., 2001)

1.1.2 Life cycle:

Adult schistosomes are about 1cm long and the male has a deep ventral groove or ‘Schist’
in which the female worm resides in copulo. The adult parasites reside in the smaller
venules of the gastrointestinal or genitourinary tract where they ingest red blood cells and
break down haemoglobin enzymatically to obtain amino acids for protein synthesis but
elicit no significant pathology. The female deposits eggs in the smallest venules of the
intestine or the bladder wall, near the superficial layer of the mucosa. The eggs mature after
about one week 1n the tissues to contain the large ciliated ‘miracidium’ larvae, which infect

the snail host.

Eggs are the main cause of clinical disease (Warren, 1978) and when trapped 1n tissue elicit
a marked inflammatory reaction with both mononuclear and polymorphonuclear cellular
infiltrates and formation of a microabscess or granuloma. Granulomas in the gut or bladder
wall usually rupture into the lumen allowing the eggs to be excreted in faeces or urine. The
eggs move through the tissues perhaps aided by lytic enzymes which are secreted by the
miracidium and diffuse through the rough microspores 1n the egg shell. After reaching fresh
water, eggs hatch and the swimming miracidium larvae must find an appropriate freshwater
snail to act as intermediate host. In the snail, they divide asexually into cercariae which are
released into the water. If they contact susceptible hosts, they actively penetrate through the
skin losing their tails and becoming schistosomula which undergo morphological and
biochemical alterations of their membrane. After 2-4 days in the skin, schistosomula
penetrate into blood and lymphatic vessels and reach the lungs. Crossing the capillary bed
into the systemic circulation they eventually reach the liver and develop further into male
and female worms before pairing and migrating to the mesenteric or vesical veins (Jordan

and Webbe, 1993).



1.1.3 Pathology

A proportion of the eggs pass through the wall of the intestine or bladder and so find their
way 1nto the environment to complete the life cycle but a significant proportion are retained
in the mtestine or bladder wall or in the case of S. mansoni, the species used in this study,
are swept by the blood stream to the liver. Here leakage of soluble egg antigens from
microspores 1n the egg shell stimulate a host response to contain the organism but this
results mn 1mmuno-pathology notably in longstanding infections with constant egg
deposition. Extensive fibrosis occurs and may give rise to irreversible calcification of the
portal vessels, with major complications being upper digestive tract haemorrhage secondary
to portal hypertension (Bina, 1987; Prata, 1982; Andrade and Azevedo, 1987; Raia et al.,
1994, Strickland, 1994). The immuno-pathological basis of the schistosome granuloma will

be considered below in the section on murine schistosomiasis (1.1.9).

1.1.4 The general immune response, schistosome development, and immune evasion.

All stages of schistosome infection induce varying degrees of immune response, however,

the schistosome eggs induces the strongest response. In the course of an infection, the
iImmune response progresses through at least three phases (Pearce and Macdonald, 2002).
In the first phase (at 3-5 weeks), during which the host 1s exposed to migrating immature
parasites, the dominant response 1s T helper 1 (Thl)-like. In phase two the schistosome

worms mature, mate and begin to produce eggs at weeks 5-6 (300 to 5000 eggs per day for
S. mansoni, and S. haematobium respectively) and these result in the emergence of a strong
Th2 response with a parallel decrease of the Thl response. During the chronic phase of

infection (at 8-16 weeks) the Th2 response 1s modulated and granulomas that form around

newly deposited eggs are smaller than at earlier times during infection.

The adult worms survive for many years in the blood stream 1in spite ot strong humoral and
cell-mediated immune responses induced by the infected host to adult worm antigens.
Within minutes of penetrating the skin of the host, a series of adaptations are initiated
which enable the developing schistosomula to survive attack first by components of the
innate immune system and then by components of acquired immunity. The trilaminate
plasma membrane of the cercariae loses its outer glycocalyx coating followed by the

formation of a double outer plasma membrane which appears heptalaminate (from the two

4



apposed trilaminate plasma membrane plus the space between them). This is due to the
deployment of preformed membranous bodies at the larval surface and these persist in the
adult tegument allowing constant repair (Smithers et al., 1977; Ramalho-Pinto et al., 1978).
Complement activation and action is inhibited by anti-complement factors notably decay
accelerating factor (DAF) which is derived from the cells of the host and which inhibits C3
deposition at the surface and SCIP-1 (schistosome C-inhibitory protein), which is expressed
by the worms and which inhibits the formation of the membrane attack complex (Pearce
and Sher, 1987). The uptake of cholesterol and triglycerides increases membrane rigidity
and the surface acquisition of host-derived antigens is believed to cover the foreign

antigens of the worm, so preventing antibody binding to the worm surface. These host

antigens 1include blood group glycolipids, MHC glycoprotein, fibronectin and

immunoglobulin (Smithers et al., 1969).

The intrinsic tegumental resistance to attack varies between the different parasite stages. So
the skin stage schistosomula are highly susceptible to membrane attack and killing in vitro

by eosinophil degranulation and the adults are also susceptible (Racoosin et al, 1999;

Pearce and MacDonald, 1986) but the lung stage 1s highly resistant to this attack (Bickle
and Ford, 1982). Even 1if the lung stage parasite 1s made antigenic by conjugation of the
hapten TNP (trinitrophenyl) to its surface and incubated in anti-TNP antibody plus
eosinophils, these will degranulate onto the larval surface but the larvae are completely

unaffected by the toxic products released (Bickle and Ford, 1982; Moser et al., 1980).

Other immune evasion strategies are directed at subverting the immune response.
Schistosomula have been shown to produce prostaglandin D2 (PGD2) which inhibits the
migration of epidermal antigen-presenting Langerhans cells from the site of infection
(Angeli et al., 2001), thereby downregulating the innate response leading to Thl activation
and inflammation which might otherwise intertere with larval migration. Significant
quantities of PGE(2) were also produced by cercariae of Schistosoma mansoni following
incubation with linoleic acid. Cyclooxygenase (COX) 2 inhibitors failed to block this
PGE(2) production, suggesting that a different biochemical pathway may be involved in the
production of PGE(2) by the parasite. In addition, the parasites were also able to induce
PGE(2) and IL-10 from human and mouse keratinocytes. COX2 inhibitors blocked the
parasite-induced PGE(2) and IL-10 from keratinocytes. This effect could be blocked by



ant1-IL-10 treatment. The significance of IL-10 in host immuno-regulation by skin stage
schistosomula of S. mansoni was further confirmed by using IL-10-deficient mice.
Compared with the wild type (WT) mice, a prominent cellular reaction occurred around the
parasites, and there was considerable delay in parasitic migration through the skin. Thus

these results suggest a key role for parasite-induced PGE(2) in IL-10-dependent down-

regulation of host immune responses in the skin. (Ramaswamy et al., 2000).

Not only 1s the worm able to inhibit immune activation but it also seems to have evolved to
respond to immune components of the host. Certain studies have provided evidence that
I'NF-alpha induces worm fecundity and initiates granuloma formation around the parasites
eggs (Amun et al., 1992; Cheever et al., 1999; Davies and McKerrow, 2001). Davies et al.
(2001) reported that parasite development was delayed in RAG” mice (which lack both T
cell and B cells) and detailed analyses have shown that a previously unrecognised subset of
CD4+ T cells lacking both MHC class I and II molecules and localized primarily within the
liver 1s likely to have an important in promoting schistosome maturation. It is possible that
the hepatic T cells produce, or are dependent on, IL-7, because the phenotype that is

described for schistosomes in Rag” mice is similar to that described for parasites that grow
in IL-7" mice (Wolowczuk et al, 1999). A recent study Beall and Pearce, (2001),

demonstrated that schistosomes express a receptor, SmRK1 (5. mansoni receptor kinase-1),
on their surface that can bind the cytokine TGF-G, which indicate that host cytokines can

have eftfects on these parasites.
1.1.5. Human immunity

In areas where schistosomiasis 1s endemic, there 1s an obvious pattern of age-dependent
intensity of infection; individuals who are below the age ot puberty carry most of the
parasites, and those in older age brackets are generally less heavily infected (Butterworth et
al., 1994). For many years the high intensity in children was attributed to their imncreased
water contact (Warren, 1973) but studies of reinfection following chemotherapy imn which
rates of water contact were monitored reached a ditferent conclusion. Such studies on S.
mansoni in Kenya (Butterworth et al., 1984; 1985) 1dentified a group of children classed as
“resistant” because they had high water contact but low rates ot reintection and a group of
susceptible children which become heavily reinfected tollowing treatment. Comparison of the

data for these two cohorts demonstrated that the average age of the resistant group was 13 and
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that of the susceptible group 11 which indicated the operation of age-dependent factors that
prevent reinfection. Demeure et al. (1993) took a similar approach and concluded that

although water contact was a major factor in intensity of infection it, alone, could not explain

the patterns adequately.

More recent studies of populations in which the infection had been recently introduced
(reviewed by Gryseels, 1994) demonstrate that similar age-intensity profiles develop
relatively soon after the start of community exposure indicating that it is age per se more
than duration of exposure that is responsible for the lower infection intensities in the adults
(Polman et al., 1995; van Dam et al., 1996). Fulford et al. (1996) looked at data from a
number of studies and showed that the peak in intensity of re-infection occurred at a very
consistent age followed by a sharp decline. The data on water contact for several areas
showed generally higher contact for the younger age groups but the distribution was much
more spread and clearly did not mirror the age intensity pattern. Furthermore, 1n a study of
a fishing community in Uganda, the pattern of observed contact with water known to
contain infected snails was greater in adults than in children (Fulford ef al., 1996). Despite
this, six months after treatment, the Ugandan community showed a peak of reinfection
intensity at about ten years of age, which fell away to a much lower level by the age ot
twenty (Kabateriene ef al., 1999). As infection levels begin to decline around the early teen
years, it has been considered that this may be due to anatomical and physiological changes
associated with puberty e.g. increased skin thickness or fat deposition which may atfect
skin penetration, or to hormonal changes associated with the onset of puberty (e.g. adrenal

androgen; dihydroepiandrostrone [DHEA]) (Fallon ez al., 1998; Abebe et al., 2003).

It should be appreciated that these various studies on human immmumty have looked at
reinfection after treatment and the finding that multiple reinfection episodes (and cures)
correspond with increased time to subsequent reinfections for some people led to the

hypothesis that the treatment itself and the consequent worm death and antigen release may

result in priming and boosting of the immune response to resist remtection (Woolhouse and

Hagan, 1999).

Hagan et al. (1991) provided the first insight into the possible immune mechanisms

responsible for the human immunity. They found a correlation between high specific anti-
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worm immunoglobulin E (IgE) antibody levels which increased up to the teenage years and
apparent resistance to reinfection following chemotherapy but there was also a correlation
with lowered specific anti-worm IgG4 which also increased up to early teenage and then
declined. The positive influence of specific IgE and the negative reciprocal effect of IgG4
In 1mmunity to S. mansoni reinfection have also been reported in several independent
investigations carried out in Africa and Brazil (Dunne et al., 1992a and 1992b; Demeure et
al., 1993; Rihet et al., 1991; Caldas et al., 2000). The slow development of appropriate
Immune responses to worm antigens might be linked to the fact that schistosomes are very
long-lived-parasites and the host becomes exposed to these antigens only after the parasites
die (Woolhouse and Hagan, 1999), either as a result of ageing or drug intervention. The
implication of high IgE and lowered IgG4 led to the notion that IgE was an effector isotype
and 1g(G4 a blocking 1sotype. Despite the current acceptance that immunity does operate in
humans Mwanakasale et al. (2003) demonstrated that resistance to reinfection with S.
haematobium after treatment with praziquantel is not altered in subjects co-infected with

HIV but this was prior to the development of symptoms and signs of AIDS/HIV disease

and so the level of immuno-compromise was not severe.

Other studies have implicated eosinophils in human immunity. Hagan et al. (1985) reported
that resistance to S. haematobium 1n humans was related to high eosinophil counts. A
longitudinal study of cellular responses of S. mansoni-infected individuals in Kenya before
and after treatment showed a negative association between the proliferative responses to
adult worm- and schistosomulum-stage antigens and subsequent remfection intensity in
older individuals (the resistant group), who also had significantly higher levels of IL-5 1n
tissue culture supernatants of in vifro-stimulated cells than did younger individuals (the
susceptible group) (Roberts et al, 1993). IL-5 1s produced by Th2 cells and as 1t is

responsible for eosinophil production/action this also suggested a role for eosinophils in

human immunity in vivo.

So IgE and eosinophils have been implicated but 1t 1s not known 1f or how this might
operate in vivo. In vitro, however, human effector cells, eosmophils, macrophages and
platelets are able to kill freshly transformed schistosomula in the presence of complement
and/or antibody (Butterworth et al., 1975; Joseph et al., 1985). Regarding antibody-mediated
cellular cytoxicity both the IgG (Anwar ef al., 1979) and IgE (Capron et al., 1984) fractions
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of human infection sera have been shown to be capable of opsonising the schistosomula for

killing but IgE/eosinophils is a particularly potent combination (Dunne ef al., 1993).

The ability of antibodies to block in vitro ADCC was initially described by Grzych et al., (
1982, 1984) using rat monoclonal antibodies. Mouse monoclonal antibodies of the IgM
1sotype directed at larval surface antigens were later shown to block in vitro killing of
schistosomula by immune human serum and eosinophils (Dunne et al., 1987). Evidence that
blocking antibodies are raised during a natural infection of humans was provided by Khalife et
al. (1986) who demonstrated that the in vitro killing of schistosomula by the IgG fraction of
sera taken from infected individuals was abolished by prior incubation of the larvae with the
IgM fraction which unlike IgG does not have Fc receptors on eosinophils but can compete
with the IgG for opsonization of the larvae. In regard to the IgE/IgG4 relation with human
immunity 1t 1s suggested that IgG4 which also does not have Fc receptors on eosinophils may

similarly block IgE mediated larval killing (Nutten et al., 1997; Capron et al., 2001).

The above implication of specific IgE and eosinophils suggested the importance of Th2
responses 1n human immunity (Hagan et al., 1991; Roberts ef al., 1993; Grogan et al.,
1997, Medhat et al., 1998). Supporting evidence comes from a number of studies. Karanja
et al. (2002) demonstrated an increased risk of reinfection among HIV-1 positive
individuals with decreased CD4+ T cell count and a marked decrease in levels of Th2
immune response in HIV-1 positive schistosomiasis patients. Immuno-epidemiological
studies in Brazil demonstrated that the increased intensity of infection is influenced by a
major gene (Sm1l) that maps to a region of chromosome 5 (5q31-q33) that encodes the Th2
cytokines (Marquet et al., 1996). Cells from homozygous individuals for the resistant allele
generated Th2 skewed T-cell clones (TCC) which secreted 10-1000 fold more IL-4 and IL-
5 and a much higher IL-4/IFN or IL-5/IFN ratio than TCC from homozygous sensitive
individuals when stimulated with parasite antigens (Rodrigues ef al., 1999). This indicates

that the S1 locus controls the differentiation ot Th2 lymphocytes and further implicates Th2

mediated effector mechanisms in resistance to schistosomes.



1.1.6 Evidence for resistance to reinfection in experimental animals—‘“concomitant

Immunity”’.

There are no good animal models for the slow build up of infection which occurs in
humans, but rodents, such as mice and rats and, to a lesser extent, primates such as the
rhesus monkey and the baboon have all been used in experimental infections with S.
mansoni. Studies in rhesus monkeys (Smithers and Terry, 1969) showed that primary light
Infections could be established giving rise to low level egg production in the faeces, but that
following challenge infection with large numbers of cercariae, egg output was unaltered
although 1n challenge control monkeys faecal output rose dramatically. This was termed
“concomitant immunity” as the primary worm burden was apparently unaffected by the
response which eliminated the challenge infection. It has been suggested that a similar

phenomenon may operate in naturally acquired immunity in humans. Unfortunately nothing

1s known of the mechanism of the resistance in rhesus monkeys.

In mice, resistance to challenge arises within 8 weeks of a single unattenuated infection (Dean,
1983) and resembles concomitant immunity in that the primary infection persists but the
incoming larvae appear to succumb. However, 1t now accepted that the apparent resistance
seen 1n this model 1s due to the pathological response of the host to parasite eggs deposited
within the tissues (Wilson et al., 1983; McHugh et al., 1987) or with factors related to egg-
associated pathology, such as the degree of portal hypertension (Harrison et al., 1982) or
formation of portal shunts which allow the migrating larvae to bypass the liver and die in other

organs (Wilson et al., 1983). This has hmited the use of the mouse to mimic human immunity

despite the widespread use of mice for most schistosome research.

1.1.7 Prevention and control

The most practical way of controlling schistosomiasis at present 1s through eradication of
the adult worms using chemotherapy; eliminating the snail intermediate hosts by habitat
modification or chemical attack; by changing human behaviour through health education
and by providing safe water supplies and sanitation so that excreta containing live eggs do

not reach water containing snails (Webbe and Jordan, 1993). There are problems with all of
these approaches notably rapid re-infection after treatment and recurrent costs of

chemotherapy and the costs provision and maintenance of sanitation and safe water.
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1.1.8 Prospects for vaccination

There has been intensive research effort to develop a schistosome vaccine (Bergquist,
1995). High level of resistance can be induced in a range of experimental hosts ranging
from rodents to baboons by exposure to relatively large number of schistosome larvae
which have been irradiated with -, X- or ultra-violet- radiation in order to make them die
out before the egg-laying adult stage (Taylor, 1994). The live attenuated vaccines are not
suitable for human use because of the logistical difficulties of producing and preserving
such a vaccine and for safety reasons. However, analysis of the immunity they induce may
contribute to development of defined antigen vaccines although it is unknown if the

immunity induced is in any way comparable to naturally acquired resistance in man.

The mechanism of live attenuated vaccine immunity in mice and rats operates during larval
migration through the lungs where there is an accelerated and enhanced cellular reaction
around the migrating lung schistosomula which seems to trap the parasites in immune
animals (Coulson, 1997). In rats this reaction can be transferred with antibody but in the
protection 1s dependent on CD4+ve T cells (Vignali et al.,, 1989) and IFN-v (Smythies et
al., 1992; 1999). Consistent with this Thl requirement following single vaccination, IL-12
and bacterial CpG motifs (which can induce the production of IL.-12 by dendntic cells and
macrophages) can be used as adjuvants to boost attenuated vaccine immunity (Wynn et al.,
1996; Chiaramonte et al., 2000). However, when mice are repeatedly exposed to
attenuated larvae Th2 cytokines increase (Caulada-Benedett: ez al., 1991), the requirement
for CD4 +ve Tcells disappears (Kelly and Colley, 1988) and antibody assumes a major role
as shown by the ability of the serum to transter protection (Mangold and Dean, 1992). In
the once vaccinated mouse the macrophages 1n the inflammatory lung reactions are in the
activated state and show NO synthase activity but immumty 1s not dependent on NO
production as iNOS-knockout mice show comparable protection to wild-type mice
(Coulson et al., 1998). Vaccinated IL-10” mice develop exaggerated Thl and Th2
responses and are almost entirely resistant to infection (Hoffmann et al., 1999), which

indicates that a high-magnitude immune response involving both antibody and Thi

responses might be the best option for induced resistance to schistosome infection.

With the advent of recombinant DNA technology numerous schistosome protein genes

have been cloned. Possible candidates for recombinant antigen vaccines includes: (i) Larval
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surface antigens which might mediate ADCC or (ii) antigens secreted from the lung stage
larvae which might mediate antibody or T cell mediated inflammatory reactions in the lung
as seen with the irradiated vaccine. Numerous recombinant antigens representing both
soluble and larval surface antigens have been tested and some reported to induce protection
but none have proved reliable in independent testing (Bergquist, 1998). Only one such
antigen, the 28kDa glutathione S-transferase of S. haematobium has entered phase 1 human
clinical trials (BILVAX rP28), and the main protective effect of this vaccine may be to

reduce egg production and thus reducing the pathology (anti-pathology vaccine) (Hagan et
al., 2000).

1.1.9 The Murine model of S. mansoni infection

The murine response to S. mansoni mimics what happens in man in terms of the full
development of the infection and the pathological conditions. The egg stage is the most
immunogenic and immuno-dominant phase of the mfection and the immune response to the
eggs causes the pathology in S. mansoni infection and involves granulomatous reactions
around the eggs 1n the liver and gut (Pearce ef al., 1991; Grzych et al., 1991). By contrast,
the worms themselves do not induce significant pathology. At the Sth wk post-infection, the
mature female worms begin to produce large numbers of eggs many of which lodge in the
liver and intestinal tissue. The nature of the granulomatous response has been studied in the
livers of infected mice and also in the "synchronous pulmonary granuloma" model (Wynn

et al., 1993; 1997) in which eggs which had been purified are injected into the lungs of

recipient mice.

In both mice and humans the granuloma 1s composed of lymphocytes, macrophages,

epithelioid cells, giant cells, eosinophils and fibroblasts although the relative proportion of
these cell types changes as the miracidium dies and the granuloma ages such that eventually
the empty egg shell surrounded by a small fibrotic reaction 1s left (Dunne and Pearce, 1999;
Davies and McKerrow, 2001). During the course of infection of mice granulomas reach a

maximum size at 8-10 weeks post-infection but are then markedly modulated or reduced in

size by 12 weeks and thereafter (von Lichtenberg ef al., 1962, Boros et al., 1975).

The granulomatous reaction is considered to be a T-cell mediated immune response

(Domingo and Warren, 1968, Boros et al., 1975), as evidenced by the suppression of
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hepatic granuloma formation in anti-CD4 treated mice (Mathew and Boros, 1987; Phillips
et al., 1987) and the formation of small granulomas in athymic mice (Phillips et al., 1977).
In humans, a study of CD4+ T cell-deficient humans (HIV co-infected) also suggested that
CD4+ve T cells are involved in granuloma formation Karanja et al. (1997). Thus it had
previously been shown that T-cell deprived mice showed reduced faecal egg output and it
was reasoned that the granuloma formation was necessary for this excretion (Doenhoff et
al., 1981; Cheever et al., 1999). Similarly the HIV and schistosome co-infected individuals
had a significant defect in egg excretion in comparison to HIV negative, schistosome
positive individuals suggesting that they also had impaired granuloma formation (Karanja et
al., 1997). In T-cell deprived mice (Dunne and Doenhoff, 1983) or mice which are tolerized
against 5. mansoni egg antigen, granuloma development does not occur during infection
and the animals have severe hepatotoxic liver damage, which was evident as microvesicular
lipid accumulations (or steatoses) with hepatocytes (Fallon and Dunne, 1999). This is
thought to be mediated by hepatotoxins that are secreted from the eggs, and the
granulomas, together with egg-antigen-specific antibodies which might act in a neutralizing
capacity, are envisaged as sequestering these toxins away from hepatocytes (Dunne and
Doenhott, 1983). So, the granulomatous response around schistosome ova 1s seen as a host
protective tissue response which plays an integral role in host defence against this parasite
eggs (von Lichtenberg, 1964, Dunne ef al., 1981) and facilitates their destruction (Warren,
1978). From the parasite perspective the granuloma seems to facilitates egg excretion and

so represents a balanced response of some benefit to both the host and the parasite

1.1.9.1. The cytokine response

A number of studies in mice have demonstrated that down-regulation of the production of Th1
type cytokines e.g. [IFN-y and IL-2 and an up-regulation in Th2 cytokines such as IL-4, IL-5
and IL-10 (although not exclusively a Th2 cytokine), occurs at the onset of egg production
(Pearce et al., 1991; Sher et al., 1991; Grzych et al., 1991). A Th2 biased response similarly
develops in human infections (Parra ef al, 1992; Williams et al., 1994; El Ridi et al,
1997), although Montenegro et al. (1999) reported that in chronically infected individuals a
mixed type-1/type-2 anti-egg cytokine response can be observed.

That the Th2 response is central to granuloma formation 1s shown by numerous studies. IL-

4 is crucial for the development of Th2 responses and for the counter-regulation of Thl
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responses. Thus IL-4 depletion with anti-IL-4 monoclonal antibody in schistosome-infected
mice or intravenously egg-injected mice reduced egg-induced granuloma inflammation by
50%, reduced the production of the type-2 cytokines IL-5 and IL-13 and reduced fibrosis
(Yamashita and Boros, 1992; Wynn et al., 1993; Cheever et al., 1994). Conversely,
administration of recombinant IL-4 to chronically infected animals reversed the down-
regulated granulomatous response typically observed in later stages of infection (Yamashita
and Boros, 1992). These studies show that IL-4 is, at least in part, responsible for the

generation and maintenance of the type-2 immune responses.

Various studies show, however, that IL-13 also plays a role in granuloma formation.
Granuloma size is diminished in IL-4” mice but not as much as in STAT6 [s1gnal
transduction and activator of transcription 6-] deficient mice (Kaplan et al., 1998). Such
infected mice, which lack Th2 cells as STAT-6 is responsible for signalling by both IL-4
and IL-13, produced high levels of the Thl cytokines, IFN-y and IL-2, minimal IL-4 and
greatly reduced IL-5 and IL-10. Furthermore, IL-4/IL-13 double knockout (KO) mice
barely develop granulomas at all (McKenzie et al., 1999). The contribution of IL-13 to
granuloma formation was confirmed by conducting IL-13 blocking experiments using the
soluble decoy receptor, IL-13Ro2, in IL-4-deficient mice, which resulted in a more

significant (almost complete) abrogation of granuloma formation than in the IL-4- deficient

mice alone (Chiaramonte et al., 1999a). These findings demonstrate that IL.-4 and IL-13 are
both necessary and sufficient to mediate granuloma development, and formally explain the

maintenance of granulomatous inflammation 1n intected 1L-4-deficient mice.

Although Th2 cytokines predominate, both Th2 and Thl cells are involved 1n the formation

of granuloma as discussed below (section 1.1.11).
1.1.9.2. Production of profibrogenic cytokines, 11.-4 and IL.-13

Several studies have now demonstrated that IL-13 rather than IL-4, plays the major role in
the development of egg-induced liver fibrosis. In a study by Fallon et al. (2000) IL-13 KO
mice did not show a reduced granulomatous response but did show a dramatic reduction in

collagen deposition whereas this was unaffected 1n [L-47" mice but was ablated along with

granuloma formation in IL-4/IL-13 KO (Fallon et al., 1999). Chiaramonte et al. (2001)
reported that administration of the IL-13 decoy receptor, 1L-13Ra2-Fe protein, to infected
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mice led to significantly reduced collagen mRNA expression and so this could become a

usetul therapy for fibrotic disease. This receptor, which is present in a soluble form, will
bind IL-13, preventing its binding to IL-4Ro/IL-13Ral which is the functional IL-13
receptor responsible for signal transduction leading to fibrosis. The level of soluble serum
IL-13Re was recently demonstrated to correlate with infection intensity in infected humans

which suggested that it may have important anti-pathology effects in vivo (Mentink-Kane et
al., 2004).

The tibrogenic role of interleukin-13 (IL-13) seems to stem from its ability, together with

IL-4, to induce the expression of arginase which has been demonstrated in macrophages
(Hesse et al., 2001). Arginase uses L-arginine as a substrate to make L-ornithine, which is
converted to proline by ornithine aminotransferase. Proline is an essential amino acid that is
involved 1n collagen production and therefore, in the development of fibrosis. Arginase
activity 1s abundant within the S. mansoni egg granulomas (Hesse et al., 2001). It was
nitially suggested that the granuloma macrophages were likely to be responsible for the
collagen production and fibrosis in schistosomiasis but recent studies have shown that mice
with a selective deletion of IL-4Ra expression in macrophages (and neutrophils) display
normal levels of liver fibrosis (Herbert ef al.,, 2004). This led these authors to suggest that
the likely source are the abundant granuloma fibroblasts. These have receptors for I1L-13
(Murata et al., 1998) and both IL.-13 and IL-4 are capable of promoting collagen production
in fibroblasts (Chiaramonte et al., 1999; Murata et al., 1999). However, the fact that
cultured lymph node cells from S. mansoni infected mice produce nearly 100-fold more IL-

13 than IL-4 would explain the greater role that IL-13 has in schistosome fibrosis
(Chiaramonte ef al., 1999).

IL-13 plays other important roles in the immune response to schistosomiasis. IL-13 exhibits
chemotactic activity for human eosinophils and may play a role mn their survival by
stimulating the production of IL-13 and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Horie et al., 1997). In addition, a novel 1L-4-independent pathway for IgE
switching in the mouse has been described (Morawetz et al., 1996) which appears to be
controlled by IL-13 (Emson et al., 1998) explaining the ability of IL-13 to induce IgG4 and
IgE synthesis and direct IgE isotypes switching in human B cells (Punnonen et al., 1993).

Also, IL-13 has been shown to regulate adhesion molecule expression on human
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endothelial cells (Bochner et al., 1995), and the expression of [CAM-1 in particular 1s
important to granuloma development (Ritter and McKerrow, 1996).

1.1.9.3. Origin of the Th2 response to schistosome eggs.

Using the ELISPOT technique King et al. (2001) reported that the dynamics of IL-4, IL-5
and IFN-y secreting splenocytes preceded by two weeks the cytokine production in the
hepatic granulomas which peaked at 10 weeks and exceeded that observed in splenocytes
by 5-10-fold. At 8 week post infection, the principle source of IL-4, IL-5 and IFN-vy
secreting splenocytes were CD4+ T cells whereas only approximately half of the IL-4 and
IL-5 secreting granuloma cells were CD4+ve T cells. These observations are consistent
with the production of IL-4 and IL-5 by cells other than CD4+ T cells present in the
granulomas, including NK cells (Mountford et al., 1996), CD8+ T cells (Pedras-
Vasconcelos and Pearce, 1996), v6 T- cells cells (Raziuddin et al., 1992), activated
eosmophils (Rumbley et al., 1999), basophils (Gibbs et al., 1996) and non-B, non-T cells
(Sabin and Pearce, 1995). Eosinophils represent a dominant source of IL-4 in the

granulomas (Rumbley et al., 1999) and show greatest activation at the time of maximum

granuloma formation, 1.e. 10-12wk after initial cercarial exposure.

This suggests that the mmitial development and activation of SEA-reactive lymphocytes
occur 1n peripheral lymphoid tissues. The earlier occurrence but lower frequency of egg
antigen-reactive splenocytes compared to granuloma cells and their increased cytokine

production 1n response to exogenous SEA 1s consistent with the presence in the spleen of
low concentrations of SEA which partially activate, but do not terminally differentiate,
SEA reactive CD4+ memory T cells. King ef al. (2001) speculate that low concentrations
of egg antigen reach the spleen and other peripheral tissues and there induce SEA-specific
cells which migrate into the granuloma where they become fully activated by high local
concentrations of endogenous antigen released by the viable ova. There they secrete
specific cytokines such as IL-4, IL-5 and IFN-y that mediate specific antibody responses,
induce tissue eosinophilia and activate macrophages and multinucleated giant cells,
respectively, that are thought to participate in ova destruction and local containment of
parasite products. This explanation is supported by findings that activation antigens, such

as CD69 and IL-2R, are more highly expressed in granuloma than splenic lymphocytes

(Rumbley et al., 1993).
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1.1.10.3 Which egg components stimulate the Th2 response?

An area of current intense research interest is focused on how Th2 responses are
induced. As for certain other helminth products, it is generally accepted that
schistosome eggs induce an intense Th2 response without the need for additional
adjuvant and that this 1s principally responsible for the shift from a Thl response in the
prepatent period to a strong Th2 response as the eggs are produced (Pearce et al., 1991;
Vella and Pearce., 1992). Much of this analysis has been based on splenocytes
responses and Hayashi ef al. (1999) reported that hepatic T cells deviated into type2
cytokine production without showing any typel shift in the prepatent period. Unlike
splenocytes, hepatic lymphocytes from infected mice during the prepatent period
already produced a huge amount of IL-4, IL-13, and IL-5 and a lesser amount of IFN-v
in response to soluble worm Ag preparation (SWAP). These results suggests the prompt
type 2 deviation 1n the liver after the infection might be due to the alteration of Kiipffer
cells that induces soluble worm antigen preparation (SWAP)-mediated type2-
development of hepatic T cells (Hayashi ef al., 1999).

Nevertheless 1t 1s now clear that egg products promote a marked Th2 skewed response

and that this largely controls the nature of the granulomatous response around the eggs.
Various soluble egg antigen components e.g. proteins, glycans and lipoconjugates can
all induce Th2 cells. One recombinant protein, IPSE, which 1s a prominent secreted egg
product, can stimulate the release of IL-4 by human basophils (Schramm ef al., 2003).
[PSE seems to bind to IgE present on the cell surface of basophils, irrespective of
antigen specificity, and activates cells by cross-linking. A second recombinant protein,

TCTP, also activates basophils in terms of histamine release (Rao et al., 2002).

Recent work has shown that carbohydrates on egg antigens are integral to this process
(Okano et al., 1999; 2001; Williams et al, 2001) and, specifically, that a
polylactosamine sugar (lacto-N-fucopentaose III) acts as a Th2 adjuvant (Okano et al.,
2001) eliciting strong Th2-cell recall responses (IL-4, IL-5, IL-10, and IgE) in mice
when conjugated to human serum albumin (Okano ef al, 2001). The most
immunoreactive components are glycoproteins found in the eggs and schistosomula.

Egg glycoproteins were found to stimulate production of B-1 cells (CD5+ B220+)

which appeared 1n the peritoneal cavity of mice at the time of egg production (Harn et
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al., 1989). B-1 cells, distinct from the conventional B cells, are characterized as a self-
replenishing lineage of B cells which produce autoreactive immunoglobulin M (IgM)
antibodies and are capable of producing large amounts of IL-10 (O'Garra et al., 1992;
Velupillai et al., 1997; Palanivel et al., 1996). Two immunoreactive oligosaccharides
from the egg antigens were found to be involved (Hamn et al., 1989): (i) Lacto-N-
fucopentaose III (LNFP-III) which contains the Lewis-X trisaccharide. Lewis-X is a
weak ligand for P-selectin (Larsen et al., 1992; Stoolman, 1989) and is also found on
lymphocyte function-associated molecule-1, which is a ligand for intercellular adhesion
molecules 1 (Larsen et al., 1992). (ii) the non-fucosylated homologue, lacto-N-
neotetraose (LNT). LNFP-III and related sugars (LNT) were found to be lympho-
stimulatory and induced proliferation of splenic non-T cells, B220+, CD4-, CD8- cells
(B cells) of schistosome infected and naive mice. LNFP-III induced spleen cells to
produce large amounts of IL-10 and prostaglandin E2, two molecules known to
downregulate Thl CD4+ T cells and so contribute to Th2-subset dominance.
Interestingly, LNFP-III did not induce the production of IL-4 (Velupillali and Harn,
1994). Thus, a specific carbohydrate ligand has been identified that stimulates B cells to
proliferate and produce factors that downregulate Thl T cells (Velupillai and Harn,
1994). The emerging role of carbohydrates as factors that are important for the
induction of the immune response during schistosomiasis opens up the possibility that
innate pattern recognition receptors that identify carbohydrates might have a crucial
role in the induction of a Th2 response. Notably, the host-like glycans, such as the
Lewis-x related carbohydrate lacto-N-fucopentose III, which when conjugated to

human serum albumin, elicits strong Th2-cell recall responses (IL-4, IL-5, IL-10, and

[gE) in mice (Okano et al., 2001).

Recently, lipid fractions from the eggs have been shown to induce Th2-cell

differentiation, in a manner that is distinct from the stimulation of Treg cells, as only

the latter depends on TLR2 (van der Kleij et al., 2002; 2004).

1.1.10.4 The role of DC in inducing Th2 responses.

Recent elegant studies have focused on determining how SEA interacts with dendntic
cells (DCs) to induce Th2 responses (MacDonald et al., 2001; 1982). There 1s general

acceptance that DCs are able to activate Thl cells during primary antigen exposure by
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delivering (at least) three signals (Banchereau er al., 2003: Moser, 2001): antigen
presentation via MHC-class II (major histocompatibility complex molecules-II);
costimulatory signals by upregulation of costimulatory molecules such as CD80 and
CD86; and a third signal, candidates for which include DC produced IL-12 (Macatonia
et al., 1989) and CD40 (on DC) and CD154 (on T cell) interactions (Cella et al., 1996).
Iriggering of the DC for such functions is believed to arise from PAMPS (pathogen
associated molecular pattern molecules) interaction with Toll-like receptors (TLR) on
the DCs (Trinchieri, 2003). MacDonald et al. (2001) showed that DC exposed to
antigen of the bacterium Proprionibacterium acnes (Pa), show this typical pro-Thl
activation and when transferred in vivo into naive mice induce Thl responses. In
contrast, DC exposed to SEA failed to show upregulation of costimulatory molecules or
detectable cytokine production (McDonald et al., 2001) but were able to induce Th2
responses (IL-4, IL-5, IL-13) but not IFN-y when transferred into naive mice and this
was shown to depend on CD40 expression by the DC. One suggestion is that Th2
responses retlect a default which occurs when antigen fails to induce DC maturation. It
has qlso been suggested that there are different populations of DC able to respond to
either Thl or Th2 stimuli. These possibilities were investigated by stimulating DC with
both Pa and SEA (Cervi et al., 2004) and these studies argued against there being DCI
and DC2 by showing that the same DCs took up both antigens but could direct discrete
Th1 or Th2 responses to Pa and SEA respectively when transterred to naive mice. The
Pa and SEA however, entered different mtracellular compartments in the DC with
different predicted antigen processing capabilities. This led the authors to suggest that
molecular motifs on the different antigens led to them being directed into different
compartments resulting in differential processing perhaps resulting in a higher density
expression of Pa compared with SEA and that this may ultimately be a key trigger to
Th1 or Th2 signalling. Carbohydrate components of the SEA have been implicated in DC
priming because LN cells of mice that received periodate-treated SEA-pulsed DCs
produced 6-to 10-fold less Th2 cytokines (IL-4, IL-5 and IL-10) upon in vitro stimulation
with SEA (Faveeuw et al., 2002).

Studies with human myeloid DCs have shown the upregulation of OX40L expression (a
factor known to be expressed by the peripheral blood DC and mvolved in Th2 cell

development [Brocker ef al., 1999]), and production of poor levels of 1L-12p70, TNF-a
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and IL-6 following interaction with SEA upon CD40 ligation (Kalinski e al., 2000).

Interestingly, glycan moieties present on egg glycoproteins or glycolipids have also been

implicated in this DC priming for Th2 response.

1.1.11 Counter regulation between the Thl and Th2 responses

In spite of this focus on Th2 responses it is clear that Thl responses are induced in

schistosomiasis and are crucial for immunoregulation of disease. The underlying Thl
response 1S revealed, for example, following treatment with anti-IL-4 monoclonal
antibody (mAb) when antigen specific IFN-y and IL-2 responses are increased
(Yamashita and Boros, 1992). Treatment with recombinant IL-12 (rIL-12) alone or
combined with neutralization of Th2 type cytokine production also suppressed Th2 cell
development and profoundly inhibited pulmonary and early hepatic granuloma
formation during infection (Wynn ef al., 1994; Boros and Whitfield, 1999). Conversely,
administration of anti-IFN-vy (Luckacs and Boros, 1993) or anti-IL-12 mAb (Wynn et
al., 1994) promoted pulmonary granuloma formation due to enhanced Th2 cell
expansion. Similar findings were reported in gene targeted KO mice models. [L-127" or
[FN-vy"" mice also developed severe disease, with excessive Th2 responses, and marked

mortality associated with increased granuloma size and fibrosis (Hoffmann er al,
2000). Conversely, STAT6-deficient mice (Kaplan ef al.,, 1998) produced high levels
of Thl cytokines IFN-y and IL-2, minimal IL.-4 and greatly reduced IL-5 and IL-10.
They developed decreased size of (smaller) both pulmonary and hepatic granulomas
with very sparse eosinophils, and decreased amounts of iver hydroxyproline content as
a measure of collagen deposition. The balanced nature of the response in normal mice

was shown by the fact that several of these treatments to promote Thl or Th2 responses

led to increased mortality, on the one hand due to reduced granuloma formation and on

the other to increased responses.

The influence of IL-4 has been studied in several experiments 1n [L-4" mice. These
show greatly impaired granuloma formation and impaired Th2 cytokine responses but
somewhat different levels of mortality (Pearce et al, 1996; Metwali et al.,, 1996;
Kaplan et al., 1998). In the studies of Brunet et al. (1997) and Fallon ef al. (2000) the S.
mansoni infection led to cachexia, with evidence of hepatotoxicity and significant

mortality. This process was accompanied by detectable levels ot lipopolysaccharide in

20



the plasma, perhaps owing to the translocation of intestinal bacteria (Fallon et al.,
2000). This severe intestinal inflammation resulted in endotoxemia and death (Fallon
and Dunne, 1999; Fallon, 2000, Patton et al., 2001). Analyses of the immune system of

. /- : . . :
the infected IL-4 mice showed there were an increase in production of pro-

inflammatory cytokines i.e. IFN-y and TNF-« (Fallon and Dunne, 1999; Hoffmann et
al., 2000), and there was a correlation between elevated levels of nitric oxide (NO) and
disease severity (Brunet er al.,, 1997). Treatment with uric acid, which is a

peroxyradical scavenger, had marked ameliorative effects (La Flamme et al., 2001).

However, Metwali1 et al. (1996) conclude that the increase in IFN-vy expression was

only slight and suggested that IL-4-deficient mice failed to default to a robust Thl
response because they maintained a significant non-T-cell-derived immuno-suppressive
IL-10 response. Several studies have shown that the Th2 cytokine responses can
develop in vivo in the absence of IL-4 or IL-4 receptor alpha, which is consistent with

the tfindings 1n the schistosomiasis model (Jankovic et al., 1999; 2000).

Consistent with this, ammals deficient in both IL.-4 and IL-10 did develop highly
polarized Th1l responses with dramatic increases in IFN-y and simultaneous reductions
in Th2-type cytokines both in vitro and in vivo (Wynn et al., 1997; Hoffmann et al.,
2000). The IL-10/IL-4-deficient mice, developed an acute wasting condition at the
onset of egg-laying leading to 100% mortality, and showing strong evidence of
increased hepatotoxicity that seemed to be an exaggerated form of the disease that i1s
observed in infected IL-4”" animals (Hoffmann et al., 2000). This acute mortality was
linked to the over-expression of the pro-inflammatory mediators IFN-vy, TNF-o, both of
which increase the expression of inducible nitric oxide synthase (INOS) which converts
the L-arginine to L-hydroxy-arginine eventually leading to excessive production of NO

and citrulline but diverting L-arginine from the collagen pathway leading to non-

fibrotic granulomas (Hesse et al., 2001).

Together these results demonstrate that the early production of IL-4 and IL-10 are
equally important to Th2 response polarization in vivo, with IL-4 dniving Th2
development and IL-10 polarizing the response by downregulating IL-12 and Thl-type
cytokine expression. IL-10 KO mice develop large granulomas with elevated Thl and

Th2 cytokines but with no significant increase in hepatic fibrosis compared to WT mice
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showing that IL-10 modulates both the Thl and Th2 components of the granulomatous
response (Metwali et al., 1996; Wynn et al., 1997; Hoffmann et al., 2000). IL-10
modulation of the developing Th1 response would explain the marked reduction which
occurs 1 IL-12 production soon after egg injection in the pulmonary granulomatous

model (Wynn et al., 1994) further indicating the importance of rapidly inducing IL-10

response against 5. mansoni eggs.

Studies in humans demonstrate a role for inflammatory cytokines and their regulation

by IL-10 1 urinary tract morbidity during S. haematobium infection (King et al., 2001).

IL-10 (and TNF-a) release from egg-stimulated PBMC cultures was compared in age-

and sex-matched infected children and adolescents suffering from moderate to severe

bladder wall pathology. A significantly lower ratio of egg-specific IL-10: TNF-a
production from PBMC cultures obtained from the patients with severe bladder wall

pathology, suggesting that low IL-10 and high TNF-a can correlate with an increased
risk of developing severe disease during schistosomiasis. A recent study examining the
correlates of developing severe fibrosis in adult male populations living in Uganda who
were chronically infected with S. mansoni, also demonstrated that a deficiency in IL-10

was partly responsible (Hoffmann et al., 2002).

Despite the serious inflammatory disease associated with uncontrolled Thl responses to

the eggs it 1s clear that the Thl response serves an important function in modulating the
Th2 response. Th2 polarized, IL-10/IL-12-deficient, mice developed increased hepatic
fibrosis, formation of large eosinophil-rich granulomas, a 10-fold increase in IL-4 and
[L-13, and significant mortality during the chronic stages of infection (Hotffmann et al.,
1999; 2000). It is thus important that the Th2 response to eggs 1s controlled and this 1s
fulfilled by the counterbalancing Thl response. Egg-injected IL-10-deficient mice
treated with anti-IL-12 mAb showed more than a 10-fold increase in lymph node or
spleen cell production of IL-4 and IL-5 upon in vifro activation (Wynn et al., 1997).
The highly polarized and exacerbated Th2 response 1n these mice was not seen 1n wild
type mice treated with anti-IL-12mAb, which suggests that endogenous 1L.-10 in these
animals serves as a potent inhibitory signal not only for Thl cytokine expression as was
previously demonstrated, but for Th2 responses as well. Thus, two main pathways for

suppressing Th2 responses have been demonstrated; the counteregulatory Thl-type
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IFN-vy response and IL-10, with the latter mechanism being better demonstrated in

animals only after elimination of both inhibitory pathways.

Although a highly polarized Thl response is particularly damaging, studies in inbred
mice show that there is some scope to amplify the Th2-regulating Th1 response and so
reduce fibrosis. This is accomplished by sensitizing mice to soluble egg-antigens in the
presence ot Thl adjuvants, like IL-12 (Wynn et al., 1995) or CpG oligonucleotides
(Chiaramonte et al., 2000), before schistosome infection to provoke the development of
an egg-antigen-specific Thl response (Wynn et al., 1995), which was characterized by
reduced granuloma size and fibrosis and reduced mortality. This was contrary to the
effects of immunizing with egg antigen in complete Freund’s adjuvant (CFA) which
also induced a strong Thl response but led to a acute lethal hepatotoxicity on
subsequent infection (Rutitzky et al., 2001). One possible explanation is that IL-12, but
not CFA, promotes the production of high levels of IL-10 (Wynn et al., 1994; Morris et
al.,, 1994), which, in turn, is needed for protection against potentially lethal pro-

inflammatory mechanisms.

These tindings show that the anti-egg response which has evolved represents a finely

regulated balance between Thl and Th2 responses with IL-10 playing a central

regulatory role and induction of excessive typel and type 2 cytokine responses

triggering distinct, but equally detrimental, forms of pathology following infection.

1.1.11.1 Anti-fibrotic effects of Thl in macrophages.

Therefore, Th2-driven production of arginase might be a crnitical component 1n the
development of schistosome-egg induced liver pathology (Hesse ef al., 2001). Blocking
the arginase activity in aaMe with L-hydroxy-arginine (LOHA), a product of iNOS
activity, impairs the production of proline. It has been proposed that aaMg, by
promoting the synthesis of polyamines through the arginase, increased collagen deposit

and fibrotic reaction in the liver (Hesse et al.,, 2001). In addition, the increased

synthesis of polyamines through arginase activity in aaMg might favour the growth of
helminths that are thought to relay on the host for the uptake of polyamines (Abdallahi

et al., 2001).
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Arginase uses L-arginine as a substrate to make L-omnithine, which is converted to
proline by ornithine aminotransferase. Proline is an essential amino acid that is
involved in collagen production and therefore, in the development of fibrosis. Fibrosis
1s 1nhibited in mice that are immunized with egg antigens plus IL-12; cytokines are
produced a components of the induced Thl response (such as IFN-v, and TNF-) that
prevents Th2 response development (and, so, IL-13 production) and also activate the
macrophages to express mducible nitric oxide synthase (iNOS), rather than arginase
(Modolell ez al., 1995). Concomitantly, arginase-positive aaMg and the liver fibrosis is
strongly decrease. However, this immunization protocol 1s 1neffective 1mm 1NOS-
knockout mice, despite the induction of an excellent Thl response in these animals
(Hesse et al., 2000). This seems to be due to the fact that iNOS uses arginine to make
nitric oxide (NO) and citrulline—an intermediate pathway is the L-hydroxyarginine,
which 1nhibits arginase effectively reducing the amount of proline that is available for
collagen synthesis. This phenomenon depends on the NO secretion because iNOS™
mice mduced intlammation despite developing a Thl cytokine response. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>