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SUMMARY

Fasciola hepatica and F. gigantica are estimated to result in economic Josses in excess of US $3
billion per year. In order to manufacture effective vaccines a thorough understanding of the
parasite : host relationship is required. The aim of this thesis was to identify both evasion
strategies employed by Fasciola sp. parasites and / or biochemical differences between F.
gigantica and F. hepatica which would explain the variance in host susceptibility between the
two species. We showed that F. gigantica infections suppressed Merino sheep lymphocyte
proliferation at post infection weeks 3, 9 and 10. This is a similar to F. hepatica infections. We
demonstrated that suppression of sheep lymphocyte proliferation in vitre was, at least partially
attributable to excretory / secretory products (ESP) released by both Fasciola sp.. The active
molecule within Fasciola sp. ESP was identified as the cysteine protease cathepsin L. The effect
of Fasciola sp. ESP and recombinant F. hepatica cathepsin Ls on 29 sheep surface markers was
investigated to identify a potential mechanism for suppression of sheep lymphocyte proliferation.
Cysteine proteases within Fasciola sp. ESP selectively regulated only three surface markers of
the 29 studied. CD4 and CD8 expression were down regulated on lymphocytes while CD1b
expression was up regulated on dendritic cells. CD4 expression was also shown to be down
regulated on both human and bovine lymphocytes. These are two new roles for Fasciola sp.
cathepsin Ls. We next investigated the ability of Fasciola sp. to modulate nitric oxide (NO)
production by both activated and resting rat peritoneal lavage cells (PLCs). Interestingly, both
adult Fasciola sp. ESP induced NO production by resting rat PLCs. The active components
within both parasites were identified as high molecular weight molecules by gel filtration. Anti-
oxidant defence (AOD) enzyme levels were compared between F. hepatica and F. gigantica
adult and newly exéysted juvenile (NEJ) parasites. We observed lower levels of superoxide
dismutase within F. gigantica NEJ whole worm extract (WWE) compared with F. Aepatica NEJ
WWE. We also observed significantly lower levels of two glutathione dependent enzymes,
glutathione S-transferase and glutathione peroxidase, within adult F. gigantica WWE compared
with adult F. hepatica WWE. These differences in AOD enzymes may partially explain the
greater susceptibility of F. gigantica within the rat and sheep host when compared with F.

hepatica.
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CHAPTER 1: INTRODUCTION

1.1 Introduction
There are more kinds of parasites than non-parasitic organisms within the world, even when

excluding viruses, rickettsias, parasitic bacteria and fungi. It would be unusual to examine a -

domestic or wild animal without finding at least one species of parasite on or within it (Schmidt
& Roberts 1985). Due to the high incidence and nature of parasitic infections they have been
shown to have an immense impact on both economic and social issues. Table 1.1 lists a range of
human parasites along with the estimated nurnber of people infected worldwide and deaths each
year. These statistics have led to enormous research into vaccines against these diseases along

with investigating host: parasite interactions.

While there are a reported 2-3 million people infected globally with the common liver fluke,
Fascivla (WHO Figures 1995), it is the losses within the agricultural industry that have
stimulated most of the research into this parasite. Fasciola infections are estimated to result in
economic losses in excess of US$3 billion per year (Spithill et al. 1999). There are two
predominant Fasciola species (sp.): F. hepatica and F. gigantica which cause temperate (e.g.
South America, United States of America, Caribbean, Europe and Australia) and tropical (e.g.
Africa, Asia and Hawaii) fasciolosis respectively, Fasciola sp. infect a range of mammalian
hosts including: sheep, cattle, buffalo, pigs, goats, horses, kangaroos, wombats, rabbits, rats and
mice (Smyth & Halton 1983, Arundal 1986, Roy & Reddy 1969).

1.2 Fasciola sp. Parasites

1.2.1 Life Cycle in Ruminants and Humans

Fasciola species belong to the Phylum Platyhelminthes, Class Trematoda, Subclass Digenea and
Family Fasciolidae. Fasciola sp. have 2 hosts: an intermediate host (snail — eg. Lymnaea sp.) and

a ruminant / human host. The life cycle of Fasciola parasites is shown in Figure 1.1.

Briefly, unembryonated eggs are released by the adult parasites within the bile ducts of their
ruminant / human host where they subsequently pass through the small intestine before being

refeased in stools. In water, the embryonated eggs hatch, releasing motile miracidia which have a




Table 1.1: Worldwide Infection / Death Statistics for some Parasites

Disease / Species Number of People Number of Yearly Deaths
Infected Worldwide Worldwide
African trypanosomes 300,000-500,000 Perhaps 65,000
Amoebic dysentery Unknown: 48 million with 70,000
sever disease
Ascaris lumbricoides 1.47 billion Perhaps 60,000
Brugia malayi 13 million Unknown
Brugia timori
Clonorchis sinensis 7 million Unknown
Diphyllobothrium spp. 9 million Unknown; few
Echinococcus granulosus 2.7 millios; Unknown
Echinococcus
multilocularis
Echinostomes 150,000 Unknown; few
Fasciola hepatica 2.4 million Unknown; few
Fasciola gigantica
Fasciolopsis buski 210,000 Unknown; few
Giardiasis 350 million Unknown; few
Heterophyids 900,000 Unknown; few
Hookworms 1.3 billion Ca 70,000
Leishmaniasis 12 million Unknown
Loa loa 13 million Unknown; few
Malaria 300-500 million 1.5-2.7 million
Onchocercus volvulus 17.7 million Unknown
Opisthorchis viverrini 10.3 million Unknown
Opisthorchis felineus
Paragonimus spp. 20.7 million Unknown; few
Schistosomiasis 201 million Perhaps 20,000
Strongyloides stercoralis 70 million Unknown
Taenia saginatus 77 million Unknown; few
Taenia solium 10 million Unknown
Trichuris trichiura 1.05 billion Unknown; few
Trypanosoma cruzi 16-18 million Unknown
Vampirolepis nana 75 million Unknown; few
Wuchereria bancrofti 107 million Unknown

Modified from hitp://www.ksu.edwparasitology/classes/345intro.himl

L PRI P




L X
o

1

Ll

ik B!

-
-

) .?_‘

L,

o

.

Fig 1.1 Life cycle of Fasciola. 1. Unembryonated eggs are passed in faeces, 2. Eggs are embryonated
in water, 3. Miracidia hatch and penetrate snail, 4. Miracidia undergo several transformations within
the intermediate snail host 4a. Miracidia transform into sporocysts, 4b. Sporocysts into Rediae, 4c.
Rediae give riseto cercariae, 5. Cercariae are released by the snail and encyst in water or on
water vegetation, 6. Metacercariae on infected vegetation are ingested by human or ruminants, 7.
Juvenile flukes excyst in small intestine and migrate through to the liver, 8. Fasciola matures into
adult parasite within the hepatic biliary ducts. This figure was modified from
http://www.dpd.cdc.gov/dpdx/html/fascioliasis.htm.
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maximum of 24 hrs to penetrate a suitable snail intermediate host. Once inside the snail, a series
of maturation phases occur: miracidia transform into sporocysts, sporocysts develop into rediae
and daughter rediae are then produced within the digestive gland of the snail. Finally germinal
cells in rediae give rise to cercariae. The rate of development depends on the size of the infection
and the available food reserves. Cercariae (up to 4000 per miracidium) (Boray 1969) are
released 5 to 7 weeks post infection from the snail, and these swim and encyst on fresh water
vegetation or remain in water if there is no vegetation. This reliance on water limits the
distribution of Fasciola to wetter climates. Upon digestion of metacercariae on infected plant
life by the ruminant / human host, juvenile flukes excyst in the small intestine, migrate through
the intestinal wall, the peritoneal cavity, and the liver parenchyma. Here they feed for around 40
days before burrowing into the biliary ducts where they mature into adults and commence egg
laying (Dawes & Hughes 1964). Fasciola has been estimated to produce in the range of 20,000-
50,000 eggs per fluke per day (Boray 1969).

There are several variations within the lifecycle between Fasciola sp.. Firstly, the time taken to
reach the bile ducts and subsequently mature is 7-10 weeks post infection (WPI) compared with
12-16 WPI for F. hepatica and F. gigantica, respectively (Dawes & Hughes 1964, Boray 1969,
Grigoryan 1958, Guralp, Oxcan & Simms 1965, Sewell 1966). Secondly, the parasites occupy
different Lymnaea sp. for their intermediate hosts. Finally, the Fasciola parasites also differ in
size with F. hepatica and F. gigantica measuring up to 30 mm and 75 mm in length, respectively

(hitp://aa.merial.com/produces/dairy/disease/fasci.htmt).

1.2.2 Pathology

Fasciola sp. infections can lead to chronic or acute disease within human and ruminant hosts
{cattle, buffalo and sheep). Chronic infections, the result of a small intake of parasites over a
long period of time, are the most common form of liver fluke infection in sheep (Boray 1969;
1986). Chronic infections are characterised by diminished appetite leading to a lower level of
weight gain; reduced work performance as host mobility decreases; eosinophilia; poorer yield
and quality of milk production; decrease in wool lustre (sheep); reduction in erythrocytes leading
to anaemia; decreased fertility; and may lead to greater susceptibility to secondary bacterial

infections (Spithill ef al. 1999). Humans suffering chronic Fasciola sp. infections display clinical
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features including abdominal pain, hepatic tenderness, fever, vomiting, diarrhoea, urticaria and
eosinophilia (http://www.dpd.cdc.gov/dpdx/HTML/Fascioliasis.asp). Severe or acute Fasciola
sp. infections can result in death of the host (Boray 1969). Acute infections are the product of a

large intake of Fasciola sp. metacercariae in a short period of time.

1.3 The Parasite/Host Relatienship

Research has primarily focussed on F, hepatica infections with parallel research into F.
gigantica still in its early stages (eg a search of Pub Med reveals approximately ten F. hepatica
articles are published for every F. gigantica article). From the current literature, it appears that F.
hepatica and F. gigantica vary in resistance / susceptibility to attack by different hosts. This
variation in host susceptibility along with the dominant host immune mechanisms expressed

against Fasciola sp. will be expanded upon in the next sections.

1.3.1 Immunity in Sheep to Infection with Fasciola Parasites

There have been multiple studies characterising the relative survival efficiency of F. hepatica
and / or F. gigantica in a range of sheep breeds. This has recently been reviewed by Spithill,
Smooker & Copeman (1999). This section is going to be a brief overview of Fasciola infections

in some sheep breeds.

(i) F. hepatica

Sheep are incapable of mounting a protective response against natural or experimental primary
and secondary infections of F. hepatica (Boray 1969, Reid ef al. 1970, Sinclair 1971, Kelly &
Campbell 1979, Meek & Morris 1979, Knight 1980, Rickard & Howell 1982, Haroun & Hillyer
1986, Boyce, Courtney & Loggins 1987). Table 1.2 shows the infection efficiency of F. hepatica
in primary and secondary infections in a range of sheep breeds (modified from Spithill, Smooker
& Copeman 1999). While these results suggest that sheep do not acquire resistance to F
hepatica infections they also show a variation in susceptibility to F. hepatica between sheep
breeds. These differences are likely to be determined by host genetic factors including heritable
immunological mechanisms (reviewed in Wakelin 1978, 1991). It should be noted that there is a
decrease in the severity of fasciolosis in sheep upon subsequent infections as measured by:

decreased worm size; reduced egg production by adult worms, delayed onset of anaemia, an

Gt e e o




Table 1.2: Percentage of Fasciela sp. flukes recovered after infection

?' F. hepatica® F. gigantica®
: Primary Secondary Primary Secondary e
P TTT 3 30" 08-F 032-1.1°
Sudanese nt nt *17 34
Deseit
- Merino 23-53%" 2353 15-25° b
x St Croix TS 3.7 63,67 i
Fion/ 2% 37 ot ot
Rambouillet ' )
__ Florida native 27 16/ nt nt ?
Barbados 3¢ 3¢ nt nt
i Blackbelly |
nt: not tested _
*Mean % recoveries of flukes 1

® Roberts ef al. 1997a

‘ Wiedosari & Copeman 1990, Roberts ef o/, (1997 a,b.c);
TRoberts et al. (1997a,c )

“Alietal 1985

' A’Gadir et al. 1986

®Horak et al. 1972 ’
h Boray 1969; Sexton et al. 1990; WijfTels er al. (1994b) Creaney et al. (1956)
'Roberts et al. (1996, 1997¢) :
I Boyce et al. (1987) :
X Roberts ef af. (19972,b) ;

This table was modified from Spithill, Smooker and Copeman (1999, p489)
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earlier rise and greater number of eosinophils and an earlier lymphocyte infiltration into the liver

(Boray 1969, Sinclair 1971; 1973; 1975).

The immune responses generated by sheep following a F. hepatica infection include elevated
parasite specific antibodies (IgG, IgM and IgE isotypes) and an infiltration of white blood cells
including eosinophils and CD4" T cells into portal tract areas and liver tissue (Sinclair 1971;
Boray 1967,1969, Movsesijan & Jovanovic 1975; Rushton & Murray 1977, Knight 1980;
Sandeman & Howell 1980 a,b; Wedrychowicz et al. 1984, Boyce, Courtney & Loggins 1987,
Chauvin, Bouvet & Boulard 1995, Meeusen ef al. 1995, Hansen ef al. 1999). The elevated IgG
levels are most likely due to an increase in the production of IgGl. In work by Movsesijan and
Jovanovic (1975), IgGl1 levels increased post infection while IgG2 levels did not alter after
infection with F. hepatica. The eosinophil response was biphasic with the first peak
correSponding to the juvenile parasite’s migratory phase and the second peak relating to the
parasite’s entry into the bile ducts (Chauvin, Bouvet & Boulard 1995). Due to the susceptibility
of sheep to F. hepatica it is likely that both the si}neciﬁc 1gG1 antibody and eosinophils are

ineffective immune responses for controlling F. hepatica infection.

(i)  F gigantica

Sheep have been shown to acquire resistance to F. gigantica infections (reviewed in Haroun &
Hillyer 1986, Spithill, Smooker & Copeman 1999). Primary and secondary F. gigantica infection
rates are displayed in Table 1.2. Significant reductions in parasitic burdens upon secondary
infection, indicative of acquired resistance, have been observed in Indonesian Thin Tail (ITT),
Merino and Sudanese Desert sheep. Further evidence for an immunological based role was
shown through the administration of dexamethasone in ITT sheep (Roberts er al. 1997c).
Dexamethasone, an immunosuppressant, was shown to reverse the acquired resistance of ITT
sheep. The acquisition of resistance has not been observed for F. hepatica infections in ITT or
Merino sheep pointing to a major difference between Fasciola sp.. This suggests that F. hepatica
may express a parasite defence mechanism which is not a part of the F. gigantica defence
strategy or that F. hepatica expresses mechanisms that allow it to resist the host responses (i.e.
some form of immunosuppression). Alternatively, F. gigantica may release a molecule that

induces a protective response in the sheep host for which there is no F. hepatica analogue.
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An interesting phenomenon is the apparent natural resistance of ITT sheep to primary infectigns
of F. gigantica (Wiedosari & Copeman 1990, Roberts et al. 1997a). This natural resistance is
likely to be comprised of both innate and acquired resistance mechanisms. Innate resistance is
based on biochemical, physiological or anatomical factors. Acquired resistance is based on

immunological factors (Wakelin 1992).

A comparison of immunological factors induced by F. gigantica infections in ITT and Merino
sheep has been made (Hansen er al. 1999). F. gigantica infections in ITT sheep produced higher

eosinophilia, neutrophilia and lower parasite-specific IgG; levels. Both breeds of sheep produced

simtlar levels of 1gM, IgG; and a biphasic IgE response {(Hansen et al. 1999). The authors

proposed that IgG, may be a resistance blocking antibody. By producing less IgG,, ITT sheep
ave capable of killing F. gigantica infections. Finally, work by Roberts ef al. (1997b) suggests
that resistance to F. gigantica infections in ITT sheep is likely to be conirolled by a single gene

that displays substantial dominance,

1.3.2 Imnunity in Catile to Infection with Fasciola Parasites

(i) F. hepatica

Several reports show that cattle acquire resistance to challenge infection following a single
infective dose of F. hepatica. Cattle can also display resistance to primary infections of F.
hepatica (Ross 1966, Boray 1969; Dawes & Hughes 1970; Doyle 1971; 1972; 1973a; Doy &
Hughes 1984, reviewed in Haroun & Hillyer 1986). In a primary infection, F. hepatica parasites
were expelled by 30 weeks post infection (Doyle 1971, 1972). Protection post secondary
infections requires a minimum of 12 weeks of a primary infection as demonstrated by a lack of
resistance acquired aficr only 7 weeks exposure (Doyle 1973). Other evidence for acquired
resistance in cattle is the fact that cattle show a 56% and a 94% reduction in fluke burden after
18 weeks and 26 weeks of a primary infection, respectively (Doy & Hughes 1984). Collectively
these results point to greater resistance against challenge infection relating to longer primary
infections. In addition work by Clery, Torgerson and Mulcahy (1996) suggests that there is no
acquired resistance against challenge infections in cattie which received a trickle infection. A

trickle infection is representative of a slowly acquired chronic infection.
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However, further studies suggested that this “resistance” is not immunologically based but rather ’
is a result of the observed calcification of the liver which coincides with parasite rejection (Boray
1969; Doy & Hughes 1984; Hughes 1987). This indirectly supports more recent work that
implies F. hepatica parasites induce immune mechanisms in cattle that aid in their survival
(Bossaert et al. 2000a,b). The immune response post F. hepatica infections are characterised by
an earlv short lived cell mediated immune (CMI) response as measured by significant increases
in preiiferation of mononuclear cells stimulated by F. hepatica somatic antigen (Oldham 1985,
Oldham & Williams 1985). The humoral response results in high levels of IgGl antibody
production, low levels of 1gG2 antibody levels and parasite specific IgE antibody from week 2
post infection are also observed (Oldham 1983, Bossaert ef a/. 2000a,b). This is similar to 1gGl 1
and 1gG2 levels observed during F. hepatica infections in sheep (Movsesijan & Jovanovic 1975).
The antibody isotype profiles suggest a bias towards a Th2-like response (discussed in section
14.1). The authors propose that a Th2 response does not correlate with protection. This was -1
supported by a vaccination regime with purified Fasciola enzymes Cathepsin L1 and Cathepsin ,
1.2, which resulted in the induction of a Thl- like isotype profile characterised by high IFN-y
production from peripheral blood lymphocytes, from which it was possible to infer that the

vaccine induced protection to cattle (Mulcahy ef al. 1999).

(i)  F. gigantica

F. gigantica parasites have been proposed to be better adapted to cattle than sheep because they

are both more infective and live longer in cattle (Hammond & Sewell 1974). Acquired resistance
to a secondary infection has been observed following a primary infection (reviewed in Haroun &
Hillyer 1986). This supports current sheep experimental data, which implies that there are

funda.nental differences between F. hepatica and F. gigantica.

1.3.3 Rat Immunity to Infection with Fasciola Parasites

(i) F. hepatica

Rats develop immunologically-based resistance to F. hepatica mediated through a combination
of humoral and cellular immune responses (Armour & Dargie 1974, Doy & Hughes 1982,
Poitou, Baeza & Boulard 1992, Hughes 1987, Keegan & Trudgett 1992, van Milligen et al




1998a,b). This resistance varies between strains, age and sex of rats utilised (Hayes, Bailer &
Mitrovic 1974a; Hughes, Hamess & Doy 1976; Rajasekariah and Howell 1977, 1981).
Resistance levels are not dependent on the F. hepatica metacercariac clones used for challenge
infection (Chapman, Rajasekariah & Mitchell 1981).

Protective immunity is proposed to be induced as the parasite migrates through either the
peritoneal cavity or the liver of the rat (van Milligen, Cornelissen & Bokhout 1998a, 2000). The
majority of the protective rat immune responses are directed against Fasciola newly excysted
juveniles (NEJ) as they migrate through the gut (Doy & Hughes 1982, Burden ef al. 1983, van
Milligen, Cornelissen & Bokhout 1998, van Milligen et al. 1998).

F. hepatica infections in rats are characterised by early rises in parasite specific antibody of the
IgM and IgE isotype, along with increased eosinophilia and antigen-specific and mitogen-
induced lymphocyte proliferation (Pfister er al. 1983, Poitou, Baeza & Boulard 1992, Poitou,
Baeza & Boulard 1993). There are some suggestions that induction of eosinophils may invoke
resistance to challenge infections (Doy, Hughes & Harness 1978, Davies & Goose 1981,
Milbourne & Howell 1990). Eosinophils were shown to attach to newly excysted juvenile F.
hepatica that were injected intraperitoneally into the rat and this resulted in tegument damage
(Davies & Goose 1981). It should however be noted that injection of F. hepatica ESP into a rat
(resistant experimental model) or a mouse (susceptible experimental model) elicited a significant
number of eosinophils but only resulted in protection for the rat experimental model (Milbourne
& Howell 1990). Van Milligen and colleagues (van Milligen, Cornelissen & Bokhout 1998a,
1999, 2060 , van Milligen et al. 1998b), using an ex vivo loop of the jejunum in rats were able to
show a strong correlation of protection against F. hepatica with eosinophil levels and IgGl. It
may be that eosinophils are only protective in some models and may be a “smoke screen”

evasion strategy utilised by F. hepatica in other hosts.

(i)  F gigantica

Rats are not readily susceptible to infection with F. gigantica and rats reject a high proportion of
an incoming infection (Mango, Mango & Esamel 1972, Gupta & Chandra 1987, Itagaki es al.
1994, reviewed in Spithill, Smooker & Copeman 1999). As F. gigantica are eliminated very




early after infection there have been no published studies examining the immune response
generated by the rat against F. gigantica in vivo. These findings in the rat host are consistent with
the observations in sheep and cattle that F. gigantica is more susceptible to host effector
responses: since rats can acquire resistance to F. hepatica it is not surprising that they will also

express resistance to F. gigantica.

Qverall there are variations in the susceptibility of different hosts to Fasciola sp. infections
(Table 1.3) as well as variations in the infection efficiency of Fasciola sp. within the same hosts
(Table 1.2). This suggests that there are significant differences in the ways Fasciola sp. interact
with, or are atitacked by host immune cells. Such variations suggest that we should be cautious in
- making universal conclusions regarding the potential immune effector mechanisms that may be
expressed against Fasciola sp. in different experimental hosts (Piedrafita ef al. 2001). One of the
potential reasons for these differences in pgﬂlogenesis may be related to more efficient evasion
strategics existing within one parasite over the other. This introduction now presents a summary
of known evasion strategies employed by parasites within different host species, including

Fasciola sp..

1.4 Bread Evasion Strategies Utilised by Parasites

Parasites are typically able to evade their natural host’s defence mechanisms. If this was not the
case there would be no need to research parasite evasion mechanisms or to develop drugs and
biological vaccines to control harmful parasites. Common parasitic evasion mechanisms include
release of excretory / secretory products (ESP) to modulate immune mechanisms, production of
antioxidant defence (AOD) enzymes and, in the case of trematodes, the turnover of their

legument. Each of these will be expanded upon in the following sections.

1.4.1 Modulation of the Immune Response

As previously mentioned the immune system is an integrated unit comprising of two
interconnected arms. Innate immune responses are the first line of defes ~e mechanisms utilised
to eliminate the invading pathogen. These mechanisms include the complement cascade, acute
phase protein response, and phagocyte effector mechanisms such as free radical production. The

second arm is the acquired immune response, also referred to as the adaptive immune response,




Table 1.3: Resistance of Fasciola sp. to host immune responses

ML R i P IIAARE b B M:L‘.J

Host
Fasciola sp. Sheep Cattie Rat
Parasite (primary / secondary (primary / secondary | (primary /secondary
infections) infections) infections)
: F. hepatica Yes Yes/ ? Yes/No
F. gigantica No Yes/ ? No/No ’
e Sheep refers to ITT and Merino i
o Cattle refers to
¢ Rats refers to Sprague Dawley and Wistar
? Unclear as to whether immunological resistance is developed or occurs due to physical 5
barriers
{




specific for the invading pathogen. Activation of T and B cells, an integral part of the acquired
immune response, is dependent on dendritic cells (DCs) which are part of the innate response.
Briefly DCs interact with the invading pathogen within peripheral / infected organs, which
results in the presentation of antigenic peptides on the DC surface. Antigen loaded DCs then
migrate to the lymphoid organs where naive T and B cells are activated through the recognition
of the antigen peptides on the DC surface. These activated cells then migrate to the site of
inflammation / infection and elicit their effector responses. Part of this response may involve the
release of lymphokines to attract innate effector cells to the infection site, serving to amplify the

adaptive immune response with innate immune effector cells (Luster 2002).

Acquired immunity is separated into the humoral immune response (HIR) and the celf mediated
immune (CMI) response (reviewed in Abbas, Murphy & Sher 1996). Both of these responses are
dependent upon effector cells supplied by the innate immune response (Luster 2002). The HIR is
characterised by antibody mediated n:lechanisms, while the 'CMI response is characterised by
cellular cytotoxicity. There have been several in depth reviews published (Abbas, Murphy &

Sher 1996) and a brief overview of the CMI response will now be discussed.

The CMI responses are mediated through two classes of T lymphocytes. CD8 positive cytotoxic
T lymphocytes (CTLs) are directly involved in the killing of infected target cells such as virus
infected cells. CD4 positive helper T lymphocytes (Th) are broadly separated by their
lymphokine expressing profiles into Thl and Th2 subsets (reviewed in Abbas, Murphy & Sher
1996). Differentiation of Th subsets is based on the murine model. Th1 cells express IFN-y, IL.-2
and TNF-f and are commonly involved in mediating inflammatory responses, the CMI response
against viruses and organisms growing within macrophages. Th2 cells are known for expressing
IL-4, IL-5, IL-10 and 1L-13 (reviewed in Romagnani 1999) and play a role in the HIR. The
lymphokines released by Thl and Th2 cells can have opposing effects, resulting in either the
control of infection or promotion of disease (reviewed in Abbas, Murphy & Sher 1996, London,
Abbas & Kelso 1998). It should be noted that there is not as clear a separation of Th clones into
Thi/Th2 classes in the bovine, ovine, and human hosts (Yssel et al. 1992, Del Prete ef al, 1993,
Brown er al. 1994b), However a predominant Th1 or Th2 class response does develop in certain

hosts in vivo and in vitro, with the overall response comprised of a heterologous population of
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clonal T cells expressing a range of cytokines and activity levels (Kelso 1995, Brown, Rice-Ficht
& Estes 1998).

The induction of either the Thl or Th2 lymphocyte population firstly requires the recognition of
foreign antigens released from parasites by T celis. More specifically a processed foreign peptide
is displayed in association with MHC class I or MHC class I molecules on the surface of antigen
presenting cells like DCs. These foreign peptides are then recognised by the T cell receptor :
CD3 complex on CD8" and CD4" T lymphocytes, respectively (Miceli & Parnes 1991, Julius,
Maroun & Haughn 1993). T cells are then activated by the release of lymphokines, like IL-2,
stimulating proliferation. These expanded clones secrete other lymphokines which influence
antibody production by B cells and the recruitment of phagocytic cells. Lymphokines can also

induce innate defence mechanisms (Jarmes & Scott 1988).

Due to the significance of T lymphocytes within the immune system and that parasite infection
can polarise CD4" T cell subset responses, it was not unexpected to discover that some parasites
(eg Echinococcus granulosus, Brugia malayi, and F. hepatica) can modulate lymphocyte
proliferation, most likely to improve their chances for survival ( Rigano et al. 2001, Loke,
MacDonald & Allen 2000, Brady ef al. 1999b). Lymphocyte proliferation in response to parasitic
infections has been used to measure the functional capacity of the infected host’s immune
system. The modulation of lymphocyte proliferation is a common characteristic observed in
parasites from the Protozoan and Helminth classes and several mechanisms of suppression have

been proposed. These will now be reviewed.

Protozoa

(1) Trypanosomes

Suppressed T lymphocyte proliferation is associated with Trypanosoma cruzi and T. brucei
rhodesiense infection. T. b. rhodesiense infections suppress PHA-stimulated human lymphocyte
proliferation. This suppression was associated with a reduction in expression of the IL-2 receptor
on T cells (Kierszenbaum er al. 1991). The proposed mechanism of suppression stems from the
requirement of IL-2 binding to the IL-2 receptor to activate T cell proliferation. A decrease in the

expression of the IL-2 receptor is likely to result in a decrease in cell proliferation.
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For human 7. cruzi infections a decrease in proliferation of PMA-, anti-CD3 or anti-CD2
stimulated human lymphocytes was observs” in the acute phase (Sztein, Cuna & Kierszenbaum
1990, Beltz, Sztein and Kierszenbaum 1988 and Kierszenbaum et al. 1990). Coinciding with this
suppression was a reduction in IL-2 receptor expression on T cells, similar to 7. b. rhodesiense
infections, along with decreases in CD3, CD4 and CD8 expression. CD3, CD4 and CD8 are
important molecules on T cells involved in activation of proliferation (Vignali 1994, Fleury,
Croteau & Sekaly 1991). Suppressed cell proliferation may result from reduced expression of
these four surface markers. These effects were only observed on activated lymphocytes i.e
lymphocytes in the presence of a mitogen. There was no reduction in IL-I, IL-2 or IFN-y
production by activated human T cells with 7. cruzi (Beltz, Sztein & Kierszenbaum 1988, Beltz,

Sonnenfeld and Kierszenbaum 1989).

More recently, work has been published suggesting that the 7. cruzi-induced suppression of
human lymphocyte proliferation is due to a reduction in the competency of accessory cells (AC)
(Motran et al. 1996). The proliferative capacity of lymphocytes alone and lymphocytes with AC
was examined in the presence of mitogens and T. cruzi parasites. Lymphocyte proliferation was
only affected in the presence of ACs. Furthermore, a decreased expression of HLA-DR and
CD11b surface markers on ACs was observed. Both of these markers play important roles in
human monocyte / macrophage adherence to T cells, activation and phagocytosis (Motran ef al.
1996). Authors of both bodies of work point to suppressive mechanisms employed by 7. cruzi as

host evasion strategies.

(it) Leishmania

Leishmania major contains a gene which, when translated, expresses a ribosomal protein termed
LmS3a. LmS3a has been detected in L. infinstum, L. amazonensis and L. mexicana (Cordeiro-Da-
Silva ef al. 2001). The authors showed that recombinant LmS3a had a suppressive effect in vivo
and in vifro on murine T and B cells respectively. LmS3a was also shown to reduce IFN-y, IL-2
and IL-12 secretion by T cells leading to the hypothesis that LmS3a plays an important role in
the balance of Thl and Th2 host immune responses (Cordeiro-Da-Silva et al. 2001). Another

Leishmania parasite, L. donovani, also suppresses mouse and human mitogen-stimulated T
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lymphocyte proliferation (Hviid ef al. 1990, Saha ef al. 1995). Both authors point to a different
modulation mechanism to that described by Cordeiro Da-Silva ef al. (2001). The first proposal is
based on suppression requiring the presence of live parasites to cause a reduction in CD3
expression on T cells. Reduced CD3 levels are likely to decrcase the antigenic recognition
pathway mediated by T cell receptor : CD3 complex (Hviid er al. 1990). The second proposal
was based on the nroduction of prostaglandins which impaired the ability of macrophages to

stimulate lymphocytes (Saha ef al. 1995).

Helminths

(1) Brugia parasites .

B. malayi and B. pahangi suppress lymphocyte prolifération from mice and jirds, respectively
(Loke et al. 2000, MacDonald, Loke & Allen 1999, Leiva & Lammie 1989). For B. malayi this
effect was induced through ESP which recruited an IL-4-dependent population of suppressor
macrophages i.e alternatively activated macrophages (Stein er al. 1992, Bronte et al. 1998,
Bronte er al. 1999, Apollont et al. 2000), which suppressed murine proliferation (Loke et al
2000). This was the first report of this novel suppression mechanism induced by parasites.
Interestingly this population of macrophages could also suppress the proliferation of a range of
human carcinoma lines, leading the authors to allude to the benefit of a parasitic infection in
preventing tumour expansion (Loke et al. 2000). In contrast, a soluble extract from B. pahangi
was responsible for suppression of Con A induced lymphocyte proliferation in vitro (Leiva &
Lammie 1989). B. pahangi infections do not result in a generalised immunosuppression of
lymphocyte proliferation, leading the authors to propose that this effect may be limited to the

micro-habitat of the parasite in the host (Leiva & Lammie 1989).

(iii) Schistosoma mansoni

Lacto-N-fucopentaose 111 (LNFPIII) is a pentasaccharide expressed by S. mansoni. LNFPIII was
conjugated to the carrier molecule dextran and injected into mice which led to suppression of the
proliferation of naive CD4" T cells. This suppression was mediated by LNFPilI inducing an
IFN-y-dependent suppressor macrophage population (Atochina ef al. 2001). These macrophages
fall into the classically activated macrophage class (Kusmartsev, Li & Chen 2000, Angulo ef al.

2000). This mechanism is similar to that induced by the nematode B. malayi except with a
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different population of suppressor macrophages. The authors of this §. mansoni paper conclude

that LNFPIII may be a mechanism induced by the parasite to modulate host immune responses

(Atochina et al. 2001).

The parasite examples presented here, while showing the common occurrence of modulating
host lymphocyte responses, also point to an array of responsible mechanisms. Through
cannulating lymphatic tissues of experimental models, it is possible to investigate host immune

responses to invading pathogens. The sheep cannulation model will now be discussed.

1.4.2 Release of Excretory / Secretory Products

Parasitic antigens are derived from excretory / secretory products (ESP), along with surface and
somatic components (Dea-ASruelu & Bolas-Fernandez 1999). ESP contains a variety of
molecules released by parasites into their host environment. The two major sources of ESP are
products from the cuticular and tegumental surfaces of some helminths along with those

molecules released by specialised excretory / secretory organs (Lightowlers and Rickard 1988).

ESP provides a source of antigens for host attack (Holland ef al. 2000). In other cases, molecules
within ESP have been identified as participating in numerous immunological roles aiding in
parasitic survival and immune evasion. These roles include modulating the immune response
through cleavage of host immune cell surface markers or exploiting the immune response
through stimulation of specific cytokines which are capable of polarising an ineffective Th
immune response (reviewed in Riftkin er al. 1996). Additional roles include shedding of surface
bound ligands as well as regulating complement and other host inflammatory responses
(Lightowlers & Rickard 1988). The importance of ESP in parasite survival mechanisms is
highlighted in some vaccine studies. Vaccinating animals with ESP or ESP-derived molecules
from parasites has conferred significant protection against Trichostrongylus colubriformis
(Rothwell & Love 1974), Nippostrongylus brasiliensis (Day et al. 1979), Toxocara canis
(Nicholas, Stewart & Mitchell 1984) and Dictyocatdus viviparus (Britton et al. 1993). It is these
survival and evasion strategies utilised by helminth parasites through ESP that will be the focus

of this section.
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Helminths

Schistosoma mansoni

Different constituents of S, mansoni ESP have been characterised along with their immuno-
modulatory effects (Brady ef al. 1999a, Wasilewski et al. 1996, Yoshino ef al. 1993, Duvuax-
Miret et al. 1992, Ramaswamy et al. 1993, Trottein et al. 1999). S. mansoni release a number of
cysteine proteases including cathepsin B, cathepsin L1 and cathepsin L2. Cathepsin L1, which
differs from cathepsin L2 in both substrate specificity and location, has been proposed to be
involved in digestion of host hemoglobin (Brady et al. 1999a). Hemoglobin is central to parasitic
survival, as it is the parasite’s main source of amino acids. Other experimental work has shown
that inhibition of cysteine protease activity leads to reduction in parasite viability and this is
related to the inability of S. mansoni to breakdown hemoglobin (Wasilewski ef al. 1996, Yoshino
et al. 1993). f

Three other immunologically important S. mansoni ESP molecules are proopiomelanocortin
(POMC) derived peptides (Duvaux-Miret ef @i. 1992), a molecule termed Sm16.8 (Ramaswamy
et al. 1995) and lipophilic substances (Trottein ef al. 1999). POMC derived peptides were shewi
to inhibit the migratory activity of immune cells from the parasite’s definitive host (hamster) and
its intermediate host (snail) (Duvaux-Miret ef al. 1992). Sm16.8, as ine name suggests, is a 16.8
kDa protein which can suppress antigen-induced lymphocyte proliferation in vitro. This
phenomenon may coincide with the observed reduction in IL-2 secretion by T cells
(Ramaswamy et al. 1995). The lipophilic. substance/s in ESP from S. mansoni schistosomula are
rich in polyunsatturated fatty acids and were shown to reduce expression of the adhesion
molecules E-selectin and VCAM-1 by TNF-a-activated endothelial cells. This reduction
occurred at the gene expression level and was not a result of cleavage of the markers from the
surface. These adhesion molecules play an important immune role by interacting with counter
receptors on circulatery immune cells causing transmigration of leukocytes at sites of
inflammation. This is a necessary response for parasite elimination. Collectively each of these
three ESP molecules play important roles in aiding S. mansoni evasion of host immune responses
by hindering immune cell recruitment, preventing inflammatory responses and dampening
antigen presentation mechanisms (Duvaux-Miret ef al. 1992, Ramaswamy et al. 1995, Trottein et
al. 1999).
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Brugia malayi

B. malayi also releases ESP molecules into the host environment. Two classes of ESP
modulatory molecules were recently reviewed in Maizels ef al. (2001). The first molecule isa 15
kDa cystatin (cysteine protease inhibitor) Bm-CPI-2 found on the surface of both a larval stage
(L3) and adult B. malayi parasites. Bm-CPI-2 has been shown to block papain activity in vitro
and to inhibit the function of a legumain-iike aspariginyl endopeptidase (reviewed in Maizels es
al. 2001). The legumain-like protein is on alternate processing enzyme, found in lymphocytes,
involved in the intracellular processing of antigens for subsequent presentation by MHC class I
molecules (Manoury er al. 1998). Bm-SPN-2 is secreted by microfilariaec and belongs to the
serpin (serine protease inhibitor) class of compounds. Bm-SPN-2 prevents the activity of
cathepsin G and neutrophil elastase (Zang et al. 1999, Zang' & Maizels 2001), which are both
involved in innate immunity and are mediators of the inflammatory response (Maizels es al.

2001).

3,43 Production of Anti-Oxidant Defence Enzymes Against ROI and RNI

The #ost has a range of defence mechanisms against invading pathogens including the
complement cascade, acute phase protein response and effector mechanisms of inflammation and
phagocytes. Phagocyte effector mechanisms include acidification of the phagolysosomal
vacuole, hydrolytic lysosomal enzymes, nutrient deprivation, cytotoxic proieins, defensins and
free radicals (Jones 1993, Cohen 1994, Reiner 1994). Free radicals are one of the most important
host defence mechanisms identified to date. Due to the non-specific nature of free radicals they
can cause harm to both the invading pathogen and the hosts cells. Over production of free
radicals has been shown to lead to suppression of host immunity (reviewed in Piedrafita & Liew
1998). A brief overview is presented below on free radicals, their derivatives formed as part of a

host’s defence mechanism and the common defences shared by boih the host and parasite.

While being essential to life, oxygen can also be extremely toxic when it is partially reduced to
water during normal cellular metabolism, resulting in the addition of a single electron as opposed
to four electrons (Halliwell & Gutteridge 1984), This leads to the formation of free radicals

classed as reactive oxygen intermediates (ROI) such as the ¢-:peroxide anion radical (O5),
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hydrogen peroxide (H;0:) and the hydroxyl radical (OH). ROl are also produced during the
respiratory burst by NADPH oxidase as 2 host defence mechanism against invading pathogens.
Another important class of free radicals, reactive nitrogen intermediates (RNI which includes
nitric oxide (NO)), are produced in the presence of nitric oxide synthase. Free radicals can be
produced both intra- and extra- cellularly (Cross & Jones 1991). Free radicals have been shown
to play a role in ischemia reperfusion injuries, exercise-induced muscular soreness, and in the
pathophysiological changes during respiratory, gastrointestinal and other systemic diseases
associated with ageing (Doelman & Bast 1990, Gutteridge & Halliwell 1990, Anaya-Prado et al.
2002). Free radicals are also a powerful host non-specific defence mechanism against parasites
(reviewed in Miller & Britigan 1997, Brunet 2001). Free radicals can unfold or inactivate
proteins, degrade nucleic acids, and lead to lipid peroxidation in cell membranes causing the
release of lipid hydroperoxides that can further breakdown to yield a range of products such as
cytotoxic aldehydes. These products can cause extensive damage which can ultimately kill cells
and in some circumstances whole organisms (reviewed in Miller & Britigan 1997). Figure 1.2
shows the reactions involving free radicals. The enzymatic and spontaneous production of ROI
and RNI have been extensively reviewed (Badwey & Karnovsky 1980, Fantone & Ward 1982,
Freeman & Crapo 1982, Eagleson & Moriarty 1984, Clark, Hunt & Cowden 1986, James 1995,
Eiserich, Pate] & O’Donnell 1998, Turpaev 2002) and are briefly discussed below,

@) Reactive Oxygen Intermediates

Reactive oxygen intermediates (ROI) are produced in significant quantities in biological systems
by non-phagocytes (lymphocytes, fibroblasts, endothelial cells, mesangial cells) during normal
cellular respiration. ROI are also produced by activated phagocytes (neutrophils, platelets,
eosinophils and macrophages) (Table 1.4) for host defence against invading microbes (Callahan,
Crouch & James 1988). It is thought that the binding of phagocytes to parasites stimulates the
respiratory burst leading to increased oxygen consumption. This results in the formation of ROI
which can then mediate damage / killing of parasites by these cells (Babior, Kipnes & Curnutte
1973, Curnutte, Whitten & Babior 1974, Salin & McCord 1974, reviewed in Babior 2000).

The first free radical produced is the superoxide anion radical (0,") (reviewed in Babior 2000).

The O, radical can play a role as either a mild reductant or oxidant, As it is not highly reactive
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Table 1.4: Reactive primary and derived products of activated phagocytes

(Callahan, Crouch & James 1988)

Cell

Oxyradicals

Platelets

H,0:, Oy, "OH,

Neutrophils

H,0,, 07", *OH, HOCI,

Eosinophils

H,0,, 0y, *OH,HOC), 'O,

Macrophages

H10,, 07, *CH, HOCI
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Fig 1.2 Reactions for producing free radicals and the involvement of anti-oxidant defence enzymes
in their detoxification. The abbreviations wers SOD: superoxide dismutase, GSHPx: glutathione
peroxidase, GRed : gluthatione reductase, Cat: catalase and HMP: Hexose monophosphate. This
figure was modified from Callahan, Cronch & Janies (1988).
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it is capable of diffusing some distance before acting and this may involve crossing the cellular
membrane (Roos er al. 1984). The superoxide anjon has been shown to inactivate enzymes
involved in the formation of branched amino acids (e.g. o,B-dihydroxy isovalerate dehydratase
and NADH- bound lactic dehydrogenase) (Haas & Goebel 1992, Kuo, Mashino & Fridovich
1987). O™ is the substrate in either an enzymatic or spontaneous dismutation reaction leading to
the formation of H,0Q, (Fig 1.2) (Fridovich 1975, Storz e al. 1990, reviewed in Babior 2000).
0," radical is also the substrate in Fentons reaction which results in the formation of OH™ and

reactive singlet oxygen ('O,) formation (Fig 1.2, reviewed in Babior 2000).

H,0, is more reactive as an oxidant than O," and has been implicated in the damage of cellular
constituents through the oxidation of essential thiol groups (reviewed in Selkirk er of. 1998), the
damage and mutagenesis of DNA and the inhibition of membrane transport processes (Miller &
Britigan 1997, Weiss 1986). H20; can also diffuse across cell membranes like O;". The result of
the interaction of H,0; and O," is the highly reactive OH™ radical. Studies have shown that the

rate of this reaction is only significant in the presence of Fe** (Haber & Weiss 1934).

OH" is involved in the oxidation of proteins, DNA and lipids (Miller & Britigan 1997). OH* has
a strong oxidative nature which results in limited diffusion and a short half-life of 10 s (Selkirk

et al. 1998). Due to these factors, OH'" needs to be formed close to its target to provide any level
of attack (Czapski 1984).

(i)  Reactive Nitrogen Intermediates

The most common RNI is nitric oxide (NO). When the terminal guanidino nitrogen of L-arginine
and molecular oxygen interact, in an NADPH dependent reaction, the result is the formation of
L-citrulline and NO (Hibbs e al. 1988, Abu-Soud & Stuehr 1993; Prince & Gunson, 1993). This
reaction is catalysed by the enzyme nitric oxide synthase (NOS). To date, three isoforms of NOS
have been characterised. Two of the isoforms are constitutive NOS (cNOS), and neuronal NOS
(nNOS). Both of these enzymes respond to changes in the intracetlular concentration of Ca?*. In
these circumstances, the NO produced is then involved in neurotransmission and biood pressure
regulation (Miller & Britigan 1997). The other isoform is inducible NOS (iNOS) for which

transcription is upregulated in response to cytokines (eg IFN-y), microorganisms and / or
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microbial products (eg LPS) (Moncada & Higgs 1993, Stuehr & Marletta 1985, Miller &
Britigan 1997).

NO is a highly reactive compound produced in the greatest quantities by macrophages ard
macrophage-like cells. Neutrophils, platelets, adrenal cells and respiratory epithelial cells have
also been shown to produce NO (Nussler & Billiar 1993, Billiar ef al. 1992). NO can exist in
three alternative redox states: nitric oxide (NO®), nitroxylanion (NO’) and the nitrosonium cation
(NO*) (Stamler, Singel & Loscalzo 1992). NO is capable of reacting with other NO molecules,
water and oxygen to generate other RNI (Stamler er al. 1992; Yoshida ef al. 1993). RNI may
cause tissue damage, impair growth and cellular function or decompose in aqueous solutions to
form the stable end products nitrite (NO2") and nitrate (NO;") (Hibbs et ¢:. 1988, Stuchr, Morris
& Nathan 1988, Liew & O’Donnell 1993 James 1995). NO inactivates several key metaboiic
enzymes of the respiratory cycle ltke the aconitase énzymc of the Krebs cycle and
glyceraldhyde-3-phosphate dehydrogenase which contain Fe motieties at thei: <“talytic sites
(Stamier, Singel & Loscalzo 1992, Drapier & Hibbs 1986, James 1995, Miller & £::atigan 1997).
NO can also cause mutations in DNA (Miller & Britigan 1997).

Finally NO and O also can interact with one another, with the potential for even stronger free
radical production. One such motecuie is peroxynitrite, a strong oxidant, that reacts with thiols,
initiates iron independent lipid peroxidation and can also react with metallo-proteins (Miller &
Britigan 1997).

In summary, free radicals can cause deleterious effects to parasites. which may result in parasitic
death. NO is one free radical shown to be involved with host attack agai~st parasites (reviewed
in Brunet 2001). /n virro experiments have shown the cytotoxic and / or ¢vtostatic effects of NO
on Leishmania major (Assrevy ef al. 1994), Mycobacterium bovis (Fleszi: & Kaufmann 1991),
Toxoplasma gondii {(Adams et al. 1990), Schistosoma mansoni (James & Glaven 1989),
Trypanosoma musculi (Vincendeau & Daulouede 1991), F. hepatica (Piedrafita et al. 2001) and
Trypanosoma cruzi (Melo & Brener 1978). The effectiveness of NO in vi . witisin osts against

parasites is being investigated.
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With free radicals being implicated in the host’s non-specific armament against parasites, it
seems only natural that, over time, hosts and parasites will have evolved free radical evasion
strategies. These strategies include DNA and protein repair systems, free radical scavenging
substrates (Hassett & Cohen 1989) like ascorbate (Rose & Bode 1993), hemoglobin (Giulivi &
Davies 1990), serotonin (Jovanovic, Steenken & Simic 1990) and the production of anti-oxidant
defence (AOD) enzymes. AOD enzymes have been shown to act directly on the free radicals
forming less offensive products. To date all protozoan and helminth parasites tested have at least
one AOD enzyme (Callahan, Crouch & James 1988, Selkirtk er al. 1998, Henkle-Duhrsen &
Kampkotter 2001) and these biochemical interactions of AOD enzymes have been reviewed
(Callahan, Crouch & James 1988, Fridovich 1995). The level of expression of AOD enzynies has
been shown to vary between parasite species, sex and life cycle stages of a singie species {Ou er
al. 1995, Ben-Smith, Lammas & Behnke 20062, Paramchuk er al. 1997, Ismail ef al. 1997). In
some systems, the levels of AOD enzymes have shown some correlation with the susceptibility
of parasites to free radical damage (Nare, Smith & Prichard 1990, Batra, Chatterjee & Srivastava
1992).

AOD enzymes are generally present in low levels in cells, but are often up-regulated upon
recognition of certain stimuli (Storz, Tartaglia & Ames 1930, Wu & Weiss 1991, Harris 1992).
The noteworthy exception is GST which is often present at high levels within cells (reviewed in
Jackoby 1985). The primary purpose of AOD enzymes is to protect the parasite against host
mediated free radical damage. These enzymes are typicaily water soluble and are therefore able
to function in the host plasma, in the parasite cytosol or in the periplasmic spaces of host cells
(Harris 1992). There are four main AOD enzymes: Superoxide Dismutase {SOD), Catalase,
Glutathione Peroxidase (GSH-Px) and Glutathione S-Transferase (GST).

(in) SOD

SOD was first discovered in bovine erythrocytes (McCord & Fridovich 1969). The presence of
SOD is essential in microbes for protection against free radical production by the host. SOD
exists in three different isoforms according to the metal present within the active site (Keele,
McCord & Fridovich 1970, McCord & Fridovich 1969, Weiseger & Fridovich 1973, reviewed in
Fridovich 1995) and each SOD catalyses the same reaction.
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Manganese-SOD (Mn-SOD): Found in prokaryotes and in the mitochondria of cells. Mn-SOD

exists as a dimer with 20 kDa sub units, with one Mn molecule per subunit.

Iron-SOD (Fe-SOD): Found in protozoa (including parasitic protozoa), eukaryotic algae and in
the periplasmic space of some higher plants (Fridovich 1975);

Copper/Zinc-SOD (CuZn-SOD): Exists in a range of eukaryotes including multicelluiar plants
and animals including mammals, bacteria and helminths. The common cytosolic CuZnr-SOD
exists in a dimeric form comprised of 16 kDa subunits which contain one ion of each Cu and Zn
(Fridovich 1975). The extracellular CuZn-SOD (EC-SOD) is a tetrameric, glycosylaled
compound of 30 kDa subunits (reviewed in Callahan, Crouch & James 1988, Fridovich 1995).

(iv)  Catalase

Catalase exists as a tetramer with subunits of approximately 60 kDa, each containing haematin as
a prosthetic group (reviewed in Callahan, Crouch & James 1988). Catalase activity has been
identified in several nematodes (reviewed in Henkle-Duhrsen & Kampkotter 2001) but has not

been shown in trematodes or cestodes.

(v)  GSH-Px

GSH-Px is a tetramer with identical subunits of 75-100 kDa. Each subunit contains one atom of
selenium which is covalently bound to cysteine in the active site. GSH-Px has been localised to
the cytosol and mitochondrial matrix: to date GSH-Px activity has been shown in all mammalian
tissues (reviewed in Callahan, Crouch & James 1988). GSH-Px acts on both hydrogen peroxide

and hydro-peroxides unlike catalase which only detoxifies hydrogen peroxide.

(vi) GST

GSTs are commonly dimeric in structure with a subunit size between 23 and 29 kDa (Ketterer,
Meyer & Clark 1988). There are a large number of GST isoenzymes which differ based on their
subunit composition, substrate and inhibitor specificities and antigenic cross reactivity (reviewed
in Ketterer 1988 and Ketterer, Meyer & Clark 1988). GSTs are either soluble or membrane
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bound (Mannervik & Danielson 1988) and have been found in most mammalian tissues, as well
as insects, protozoa, helminths, molluscs, algae, fungi and bacteria. {Smith et al. 1986, 1987,
Stenersen ef al. 1987). GST is differentiated from GSH-Px by the absence of selenium in each
subunit and incapacity to detoxify H20; (reviewed in Callahan, Crouch & James 1988). GSTs
are involved in ligand transport (Ketterer 1988) and the detoxification of DNA hydroperoxides,
membrane phospholipids and lipid liydroperoxides by the conjugation of glutathione (GSH)
(Ketterer 1988, Brophy & Barrett 1990). GSTs present in helminths protect against both
cytotoxic aldehydes which are themselves products of lipid peroxidation and exogenously
derived toxic compound (Brophy & Pritchard 1994). The rate of the reaction depends on the
concentration of GSH (Ketterer 1988). The GSH conjugates formed have greater water

solubility, thus aiding their eventual elimination from cells (Board er al. 1990).

The balance of the various AOD enzymes is crucial, as either GSH-Px or catalase are required to
detoxify H,O; produced by the activity of SOD. Without a balance, the products of the SOD
catalysed reaction, which are toxic, may lead to host cell death (Harris 1992, Amstad ef al. 1991,
Amstad, Moret & Cerutti 1993). Finally, it is also necessary to emphasize the importance of the
tri-peptide glutathione (GSH), as it is essential for the activity of both GSH-Px and GST (Arrick
et al. 1982). Both of these enzymes use GSH in the reduction or conjugation of free radicals.
Studies have shown that GSH deficiency leads to multi-organ failure and the subsequent death of
rats and guinea pigs, refated to the loss of an anti-oxidant system {(Martensson, Meister &
Martensson 1991, Martensson ef al. 1991).

(vii)  Anti Oxidant Defence Enzyme Levels in Schistosoma mansoni

There have been numerous studies looking at the vulnerability of different life stages of S.
mansoni to host immune defences. The results point to the parasite’s susceptibility to free radical
killing decreasing as the parasite matures, with the adult being relatively resistant to free radical
attack (Kazura et al. 1981, Jong, Mahmoud & Klebanoff 1981, Yazdanbakhsh et al. 1987,
Yazdanbakhsh, Eckmann & Roos 1987, Smithers & Doenhoff 1982, Pearce & James 1986,
Capron ef al. 1987). A major proportion of the host attack is cell mediated through the release of
toxic ROI. Based on the differences in susceptibility between life stages and the main host

deiznce mechanism employed, work has focussed on AOD enzymes present in S, manson.
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CuZn SOD (cytosolic and signal peptide containing), GSH-Px, GST and cytochrome c
peroxidase (involved in H>O; detoxification) expression levels all increase as §. mansoni matures
from schistosomula through to the adult (Mkeji, Smith & Prichard 1988a,b, Nare, Smith &
Prichard 1990, Mei ef al. 1996, Mei & LoVerde 1997). Catalase has not been detected in any
stage of S. mansoni (Mkoji, Smith & Prichard 1988a,b). Interestingly, adult male parasites were
more effective at detoxifying H,O, than adult female parasites (Mkoji, Smith & Prichard 1988b)
and the reason for this is currently unclear. SOD and GSH-Px have been localised to the
tegument and the gut epithelium (Mei & LoVerde 1997). The tegument is the host:parasite
interface, suggesting that SOD and GSH-Px are likely to be involved in S. mansoni defence

mechanism.

Each author reasons that these higher AOD enzyme levels and their key locations are likely fo be
responsible for the relative resistance of adult S. mansoni to host immune attack compared with
schistosomula. If this is true, these findings emphasise the importance of AOD enzymes in
parasitic protection. Finally, the phenomenon of increasing AOD enzyme levels as parasites
mature correlating with an increased resistance to host attack has also been observed for
Trichinella spiralis (Kazura & Meshnick 1984), Leishmania donovani (Murray 1982, Reiner &
Kazura 1982, Channon & Blackwell 1985), Nippostrongylus and Nematospiroides (Smith &
Bryant 1986). The role of AOD enzymes in Fasciola biology is discussed (Section 1.5).

1.44 Glycocalyx Turnover

The surface of any parasite plays at least two important roles. Firstly, it is across the surface that
physiologically vital nutrients are acquired from the host and secondly it is expected that a large
part of any host defence mechanism will be directed against the surface of the parasite (Lumsden
1975). Therefore, the helminth tegument potentially plays a crucial role in a parasite’s evasion

strategy.
One example is the S. mansoni tegument, which is proposed to participate in several evasion

strategies. Firstly S. mansoni’s tegument can incorporate host serum proteins with the theory that

this helps mask parasiie antigens thereby helping the parasite escape immune attack (Yong &
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Das 1983, McLaren 1984). Secondly the cercarial tegument is mostly shed not long after the
penetration of the host’s skin. This is beneficial to the parasite in two ways. Firstly, the cercarial
glycocalyx is highly antigenic and also stimulates complement by the alternative pathway so
shedding the glycocalyx decreases parasite antigenicity. S. mansoni has been shown to be more
susceptible to host attack during these first 3 days post infection. Studies have also shown that,
compared to irradiated schistosomula, irradiated cercariae corfer higher protection against
subsequent challenge. The authors propose that the higher protection relates to the cercarial
glycocalyx (Brouwers er al. 1999) and that by shedding this glycocalyx early on, the
schistosomula may escape immune attack. Secondly, the rapid shedding of the glycocalyx by
early developmental stages of S. mansoni (Brouwers e! al. 1999) iq proposed to prevent sustained
attachment of effector cells and molecules. Hawn and Strand (1993) identified in S. mansoni the
presence of phospholipase D activity which is capable of cleaving glycosylphosphatidy! inositol

(GPY) anchored proteins, which provides a potential mechanism for the forementioned shedding.

1.5 Major Proposed Evasion Strategies of Fasciola sp.

As discussed in Section 1.3 Fasciola parasites have varying degrees of success at establishing
within different hosts and this is also species dependent. While this observation does suggest
differences between hast immune respenses it also suggests that Fasciola parasites may have
evolved immune evasion strategies which vary in success in the different hosts. The next section
will predominantly discuss some of the evasion strategies expressed by Fasciola that are
proposed to be effective within the ruminant host before the parasite reaches the bile ducts. Bile
ducts are an immunologically safe environment (Hughes, Hanna & Symonds 1981). Once inside
the bile ducts resistance of adult parasites to immune killing may be due to their inaccessibility

rather than the development of defence mechanisms.

1.5.1 Modulation of the Immune Response

F. hepatica infections, like other parasitic infections discussed previously, result in modulation
of lymphocyte proliferative responses. A short lived, carly increase in mitogen-stimulated
lymphocyte proliferation is commonly observed during F. hepatica infections in cattle and rats
(Poitou, Baeza & Boulard 1992, Oldham 1985, Oldham & Williams 1985, Clery & Mulcahy
1998). The work by Poitou, Baeza & Boulard (1992) showed significant increases in
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proliferation of rat splenocytes between 2 — 4 weeks post infection (WP]), in the presence of
Concanavalin A (Con A), pokeweed mitogen (PWM), adult F. hepatica ESP or metacercariae
antigen. The stimulation with these mitogens suggests that the effect is induced on a range of
lymphocyte populations and the results with parasite antigens suggest that this response is
antigen specific. This work is partly supported by reports by Cervi ef al. (1998) who observed a
sustained increase in LPS-stimulated proliferation of splenocytes removed from F. hepatica
infected rats, compared with uninfected control rat cells. In contrast, this paper and two other
papers from the same group (Cervi ef al. 1998, Cervi, Rubenstein & Masih 1996, Cervi & Masih
1997) reported a decrease in proliferation of splenocytes from F. hepatica infected animals when
these rat cells were stimulated with Con A or F. hepatica ESP. This suppression was linked to
NO and/or H,0; production, since the addition of either aminoguanidine (nitric oxide synthase
inhibitor) or catalase (decomposes H;O,, inhibits NO production) restored proliferation. Potential
reasons for the variation in the response of lymphocytes to mitogen-stimulation were not alluded
to. What is apparent is that F. hepatica infections modulate lymphocyte proliferation within the
rat host. Overall, moduiation of mitogen-stimulated proliferation of lymphocytes from cattle and
rats were observed early after F. hepatica infection. The proposal is that these responses do not

correlate with host resistance.

F. hepatica infections in sheep cause significant suppression of mitogen-stimulated lymphocyte
proliferation in vitro (Zimmerman et al. 1983, Chauvin, Bouvet & Boulard 1995). Zimmerman et
al. (1983) observed significant suppression of proliferation during F. hepatica infections with
either Con A or PHA at 4 and 8-10 WPI. A similar trend in the suppression profile was also
observed with PWM suggesting that the suppressive phenomenon is likely to be occurring with
all lymphocyte populations (eg T and B cells). This was supported by Chauvin and colleagues
(1995) who revealed a similar significant suppression of sheep lymphocyte proliferation at 4 and
11 WPI using Con A as the mitogen. Furthermore, the proliferative capacity of lymphocytes post
secondary infection was examined in this study. There was a significant increase in proliferation
during 1 and 2 weeks post secondary infection, followed by a return of proliferation levels to
those observed in primary infected sheep. In conclusion, the significance of an effect on
lymphoeyte proliferation at 4 and 8-10 WPI, is that these times correspond to growth phases and

migration of F. hepatica within the liver parenchyma (Zimmerman et al 1983). This
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suppressive response is proposed to aid in the parasites establishment within the host. Sheep
have not been showr: to acquire resistance to F. hepatica unlike infections in cattle and rat. The
significance of increased cellular proliferation post a secondary infection with F. hepatica has
yet to be decided. The effects of an F. gigantica infection on sheep lymphocyte proliferation in

the presence of mitogens has to date not been studied.

1.5.2 Release of Excretory / Secretory Products

The invading Fasciola parasite continuously releases a group of molecuies into the host
environment, collectively referred to as excretory / secretory products (ESP). Several immune

evasion strategies have been attributed to F. hepatica and F. gigantica ESP.

F. hepatica ESP have been shown to modulate accessory cell function, firstly through lowering
phagocytic activity and the antigen presentation ability of rat peritoneal cells in vitro (Masih,
Cervi & Casado 1996). Secondly F. hepatica ESP contains 4 non-lipid molecules which can
cause chemokinesis in sheep neutrophils (Jefferies et al. 1996). Lastly an IL-5 like molecule
within F. hepatica ESP stimulates eosinophil maturation and this consequently leads to a rise in
eosinophil peroxidase (EPO) activity in mice (Milbourne & Howell 1993). This has added
weight to the suggestion that F. hepatica induces an inappropriate immune response, as a high
eosinophilia is observed post Fasciola infection in sheep that has not correlaied with resistance

in this host (Hansen et a/. 1999).

As discussed in sectiun 1.5.1 F. hepatica suppresses lymphocyte proliferation during infection
{(Zimmerman ef al. 1983, Chauvin, Bouvet & Boulard 1995, Cervi et al. 1998, Cervi, Rubenstein
& Masih 1996, Cervi & Masih 1997). F. hepatica ESP has been identified as potentially playing
a role in dampening this immune response. 12-23 kDa glycoproteins within F. hepatica ESP
were shown to stimulate a rat mononuclear cell population which upon adoptive transfer,
suppressed the delayed type hypersensitivity response to parasite and non related antigens
(Cervi, Rubinstein & Masih 1996). F. hepatica ESP could also suppress Con A or LPS-
stimulated proliferation of rat spleen mononuclear cells in virro (Cervi & Masih 1997). In other
hosts, increasing concentrations of F. hepatica ESP resulted in decreasing levels of proliferation

of Con A- or PHA- stimulated sheep and human lymphocytes (Jefferies, Barrett & Tumer 1996).
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F. hepatica ESP has also been shown to contribute to modulating host free radical levels (Cervi,
Rossi & Masih 1999, Jefferies, Turner & Barrett 1997, Baeza, Poitou & Boulard 1993). Firstly,
F. hepatica ESP decreases nitric oxide (NO) production by activated rat PLCs in vitro (Cervi,
Rossi & Masih 1999) and inhibits NO production by activated sheep neutrophils while
stimulating NO production by activated human neutrophils in vitro (Jefferies, Turner & Barrett
1997). Secondly, F. hepatica decreases superoxide (O77) production by activated sheep and
human neuirophils (Jefferies. Turner & Barrett 1997). Baeza and colleagues (1993) observed a
similar finding with F. hepatic:; infection decreasing the metabolic burst of cattle neutrophils.
Together, these findings suggesi F. hepatica parasites have evolved strategies to avoid damage

from host cell free radical production. -

Significantly less work has investigated the role of F. gigantica ESP in immuno-modulation. The
majority of the research into F. gigantica ESP has focussed on identifying immunodiagnositic
antigens and the development of monoclonal antibodies specific for these antigens (Maleewong
et al. 1999, Intapan er al. 1998, Krailas ef al. 1999, Viyanant ef al. 1997, Maleewong er al. 1997,
Yadav & Gupta 19935, Fagbemi, Aderibighe & Guobadia 1997).

One report, has shown that F. giganfica ESP can suppress the respiratory burst of sheep
neutrophils, measured by a decrease in the release of ROI. There were at least two responsible
molecules, both were non protein in behaviour, and were either less than 10 kDa or greater than
50 kDa in size (E! Ghaysh er al. 1%929). Neutrophils are an important component of the acute
inflammatory cascade (reviewed in Haslett, Savill & Maegher 1989, Ward & Lentsch 1997). By

dampening the neutrophil’s ability to produce RO, F. gigantica may evade oxidative damage.

The constituents of ESP change as the parasite matures but NEJ and adult flukes also contain

common proteins (Dalton & Heffernan 1989, Tkalcevic, Ashman & Meeusen 1995, Tkalcevic, .

Brandon & Meeusen 1996). In sheep infected with F. hepatica the immunogenic bands detected
by western blotting decrease in size as the parasite develops, suggesting that antigens expressed
by the fluke varies with maturation: the high molecular weight bands recognised early in

infection may be the shed tegument (Chauvin, Bouvet & Boulard 1995). Both immature and
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mature Fasciola ESP contain cysteine proteases (cathepsin L or B) with immature ESP
exhibiting at least 2 cathepsin Ls while adult ESP has at least 7 isoenzymes (Wijffels er al.

1994a).

Cathepsin Ls are major abundant constituents of Fasciola ESP. There are at least 12 Cathepsin
Ls in F. hepatica ESP based on cDNA sequences. The non-redundant BLAST database contains
23 cathepsin L-like sequences, all derived from parasite mRNA; 17 of the sequences encode F.
hepatica proteins (FhCatL) and 6 encode F. gigantica proteins (FgCatL) (Irving ef al. in press).
Cathepsin Ls have been detected within F. hepatica ESP collected from immature and mature
flukes (Dalton and Heffernan 1989, Carmona ef al. 1993). Cathepsin Ls are likely to be detected
in all life stages and measurable activity levels have been recorded within NEJ, 3 wk, 5 wk and
mature flukes whole worm extracts (Carmona et al. 1993) although no cathepsin L like sequence
was detected in ESP from NEJ (Wilson ef al. 1998). Cathepsin L activity levels increase as the
parasite matures (Carmona et al. 1993) which may suggest an increased reliance on Cathepsin L
in immune evasion or a general role in fluke development and maturation. There have been 15
proteases identified in F. gigantica whole worm extract (WWE) and the majority of these were

cysteine proteases along with some serine proteases (Fagbemi & Hillyer 1991, 1992).

F. hepatica cathepsin Ls are purported to play a couple of key roles in tissue invasion and
immune evasion (reviewed in Mulcahy & Dalton 2001). Cathepsin Ls can degrade both the
extracellular matrix (fibrillar types 1 and II collagen) and the basement membrane (type 1V
collagen) (Berasain, er al. 1997). The authors proposed that this may aid in Fasciola invasion of
the tissues. Cathepsin Ls also degrade haemoglobulins in vitre, pointing to the possible digestion
of host haemoglobin for nutritional purposes (Dalton & Heffernan 1989, Wilson ef al. 1998). A
similar affect is observed for S. mansoni Cathepsin B (Felleisen & Klinkert Mo Quen 1990).

Finally cathepsin Ls have been shown in vitro, to cleave immunoglobulins from mice and

humans (all IgG subclasses) in the hinge region of the heavy chain in vitro (Carmona et al. 1993,
Smith e al. 1993a, Berasain, ¢/ al. 2000). To cleave human IgG1, IgG2 and IgG4, Cathepsin L
required the presence of a reducing reagent. This suggests the necessity of prior reduction of

disulphide bonds in the middle hinge region to allow Cathepsin L access to it’s cleavage site

27

S N1 PP S




N T T AT ey T TERT=

(Berasain er al. 2000). The importance of this cleavage was demonstrated when the addition of
F. hepatica ESP along with Fasciola immune sera prevented the antibody-mediated attachment
of eosinophils to NEJ (Carmona er al. 1993). This was reversed when the cysteine protease
inhibitor leupeptin was added to the incubation. This is an important potential evasion
mechanism considering in vitro work which showed the high toxicity of the Major Basic Protein
(at pM concentrations) released by bovine eosinophils to F. hepatica NEJ (Duffus, Thomne &
Oliver 1980). It should be noted in this work by Carmona and colleagues (1993) that there was
no cytotoxicity mechanism shown in the absence of Cathepsin L. There is also no direct evidence
that eosinophils do actwally kill F. hepatica NEJ. The cleavage of host immunoglobulin by
Cathepsin L may be the reason why, in vitro work has been unable to demonstrate effective
antibody-dependent attack of F. hepatica NEJ by eosinophils (Carmona et al. 1993). In addition
the cysteine proteases isolated from F. gigantica WWE have also been shown to digest both
bovine IgG and bovine globin (derived from bovine haemoglobin) in viiro (Fagbemi and Hillyer
1991, 1992). These findings imply that F. gigantica may evoke similar evasion strategies to F.

hepatica.

1.5.3 Anti-Oxidant Defence Enzymes as a Defence Mechanism

There have been several studies, including direct and indirect evidence, suggesting a role for
AOD enzymes in protecting Fasciola against free radical attack (Piedrafita et al. 2000, El-
Ghaysh et al. 1999, Cervi, Rossi & Masih 1999, Cervi er al. 1998, Jefferies, Turner & Barrett
1997, Baeza, Poitou & Boulard 1993). Piedrafita and colleagues (2000) compared the
cytotoxicity of chemically generated ROI and RNI on S. mansoni schistosomula and F. hepatica
NEJ in vitro. S. mansoni schistosomula were shown to be more susceptible than F. hepatica
juveniles to killing by free radicals. Furthermore when AOD enzyme levels were measured F,
hepatica AOD enzyme levels were up to 10 times higher than in schistosomula suggesting these
enzyme levels were linked to the relative resistance of F. hepatica to free radical attack. Jefferies
and colleagues (1997) showed in vitro, that increasing concentrations of ESP released by F.
hepatica correlated with increasing suppression of superoxide and hydrogen peroxide production
from sheep neutrophils. In other work from this group (El Ghaysh er al, 1999) F. gigantica ESP

was also shown to inhibit ROI production from sheep neutrophils. The authors proposed that
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both observations were linked to SOD, however both reports measured little or no SOD within

the respective Fasciola sp. ESP.

The majority of F. hepatica AOD enzyme work has focussed on F. hepatica G3Ts (FhGST).
FhGST exist as a mix of homo- and hetero-dimers with subunit sizes ranging from 24-29 kDa
(Hiltyer, Soler De Galanes & Battisti 1992, Howell, Board & Boray 1988, Wijffels er al. 1992).
FhGSTs are expressed in a range of tissues including the parenchyma, gut and tegument
(Howell, Board & Boray 1988, Creaney et al. 1995, Wijffels er al. 1992). FhGST exists as at
least six isoenzymes as detected by agarose/starch gel electrophoresis (Howell, Board & Boray
1988), chromatofocussing (Brophy, Crowley & Barrett 1990) and-2D gel electrophoresis
(Wijffels et al. 1992, Jefferies et al. 2001) and cDNA cloning (Panaccio et al. 1992, Mwro,
Rodriquez-Medina & Hillyer 1993). The level of GST expression varies between NEJ and adult
F. hepatica (Piedrafita et al. 2000). Interestingly, Miller, Howell & Boray (1993) showed
variations in iscenzyme expression and activity of FhGSTs in flukes recovered from different
hosts. Lower FhGST activity levels were observed for flukes removed from resistant hosts (cattle

and rats) as opposed to suscentible hosts (sheep and mice).

FhGSTs are proposed to play three roles. Firstly FhGSTs are involved in detoxifying cytotoxic
aldehydes produced during lipid peroxidation (Brophy, Crowley & Barrett 1990). Secondly
FhGSTs are involved in the absorptive function of the adult parasite’s gut (Creaney er al. 1995)
and thirdly, FhGST interacts with haematin and this is proposed to prevent blockage of the
parasite’s gut by haematin crystal formation (Brophy, Crowley & Barrett 1990). Noteworthy is
the fact that there is a lack of cellular responses against FhGSTs during F. hepatica infections in
sheep (Moreau, Chauvin & Boulard 1998) as opposed to infections in rats (Howell, Board &
Boray 1988). There are conflicting reports of antibody responses to FhGST in sheep (Sexton er
al. 1990, Hillyer, Soler de Galanes & Battisti 1992) and not all hosts generate anti-FhGST
antibodies during fluke infections (Hillyer, Soler de Galanes & Battisti 1992). This is
unexpected, as GST is a major constituent of F. kepatica ESP (Jefferies et al. 2001, Cervi, Rossi
& Masih 1999). However, when sheep are injected with GST as a vaccine, high antibody titres

are observed along with a reduction in worm burdens (Sexton et al. 1990).
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SOD is another AOD enzyme expressed by F. hepatica (Sanchez-Moreno et al. 1987, Piedrafita
ef al, 2000). Three isoenzymes have been observed (Sanchez-Moreno ef al. 1987) and in work by
Kim et al. (2000), two identical subunits for cytosolic CuZn SOD of 17.5 kDa were identified.
SOD activity levels have been detected in F. hepatica ESP, detergent soluble and somatic
fractions of F. hepatica with the highest activities observed within F. hepatica ESP (Piacenza et
al. 1998). Within F. hepatica ESP, 2-3 bands for CuZn SOD were measured with sizes of 16 and
60 kDa (Piacenza ef al. 1998, Jefieries ef al. 2001). In contrast to other parasites like B. malayi
(Ou et al. 1995) and S. mansoni (Nare, Smith & Prichard 1990), F. hepatica SOD activity
decreased in ESP as the parasite develops to adulthood (Piacenza er al. 1998) but increased in
somatic tissues (Piedrafita es al. 2000). The authors proposed that t!‘lis may relate to the parasite
moving from an aerobic to an anaerobic environment and becoming less exposed to toxic oxygen

intermeediates,

CuZn SOD does invoke a cellular immune response within bovine and human hosts (Kim ef al.
2000). The main function of SOD is to catalyse the spontaneous dismutation of the superoxide
anion radical to H,0O, and molecular oxygen (Piacenza ef al. 1998). However H,0 is still toxic
to parasites, hence other AOD enzymes are needed to break this down into less harmful products.
Typically catalase and GSH-Px are involved in this second stage. Catalase activity has not been
detected in F. hepatica (Sanchez-Moreno er al. 1987, Piedrafita er al. 2000) and only low
activity levels of a selenium dependent GSH-Px have been detected in the cytosol of F. hepatica
{Brophy, Crowley & Barrett 1990). Work by McGonigle et al. (1997) identified a cDNA from F.
hepatica which encoded a protein from the most recently identified anti-oxidant family
Peroxiredoxin (Chae et al. 1994). Peroxiredoxins remove the toxicity of H,0; and could be the
“missing link ” for F. hepatica. This was the first report of a peroxiredoxin in a trematode. The
cDNA was isolated using anti-sera raised against adult F. hepatica ESP to screen a cDNA
expression library, suggesting that the protein is likely to be released and may be involved in the

parasite’s defence mechanism.
In contrast there is only one published report examining the presence / activity of AOD enzymes

in F. gigantica. As discussed in Section 1.5.2, F. gigantica releases two products (less than 10

kDa and greater than 50 kDa) which were able to suppress the release of toxic oxygen
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intermediates by neutrophils (Ei Ghaysh er al. 1999). This result implies the presence of factors,
possible AOD enzymes, in F. | gigantica effective against reactive oxygen intermediates.
Interestingly in our laboratory, F. gigantica has been found to be susceptible to free radical
killing by chemically generated RO!, ROI from sheep PLCs and NO (Piedrafita ef al. 2002 -
submitted). In contrast F. hepatica is not killed by this mechanism. This could imply differences

between AOD enzymes between the two species, which could result in different susceptibility to
free radical killing.

Overall, the literature points to a variation in AOD enzymatic activities between F. hepatica
isolates and among flukes removed from different hosts (eg Miller, Howeli & Boray 1993). To
date, there has been no published reports of direct comparisons of AOD enzyme activity levels

between Fasciola sp..

1.5.4 Glycocalyx Turnover

The surface of F. hepatica is covered by a syncytial epithelium, called the tegument. The
tegument contains three types of bodies (T0, T1 and T2) which secrete the glycocalyx
(Threadgold 1963, 1967, Bennett & Threadgold 1973, 1975). In contrast, preliminary work
examining adult . gigantica suggests the presence of only one type of body secreting the
glycocalyx (Sobhon er al. 1994). The glycocalyx consists of two layers, a continuous layer, lying
next to the apical plasma membrane and another layer of filaments arising from the continuous
layer (Threadgold 1976). The glycocalyx is rich in glycoproteins with ganglioside and
oligosaccharide side chains (Threadgold 1976).

The glycocalyx, as the interface between the parasite and the host, is likely to be the site of
important biochemical and physiological interactions (Threadgold 1976). Possibly due to this,
the glycocalyx has been proposed to contribute to immune evasion and three mechanisms have
been suggested. Firstly the composition of the glycocalyx changes as the parasite matures
(Threadgold 1963, 1967, Bennett & Threadgold 1973, 1975). Juvenile flukes contain only Tvpe
0 (TO) bodies within the tegument secreting T-0 granules (Bennett and Threadgold 1973, 1975).
As F. hepatica matures, TO bodies are replaced by T1 and T2 bodies secreting T-1 and T-2
granules respectively (Threadgold 1963, 1967). Such compositional changes are likely to delay
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relevant antibody production specific for the ever changing glycocalyx. Secondly the glycocalyx
is continuously sloughed off and replaced by molecules released by secretory vesicles (Hanna
1978). By sloughing the glycocalyx off, components within the immune system which attach
themselves to the parasite are being shed such as antibody mediated attachment of eosinophils,
neutrophils or macrophages (Hanna 1980a, Burden, Hughes & Hanmet 1982, Piedrafita es al.
2001) resuiting in prevention of successful cellular attacks (Duffus and Franks 1980, Hanna
1980b). Similarly to S. mansoni, Hawn and Strand (1993) identified in F. hepatica extracts the
presence of phospholipase C activity. This phospholipase, like phospholipase D found in S.
mansoni, is capable of cleaving glycosylphosphatidy! inositol {GPI) anchored proteins, which

provides a potential mechanism for the forementioned shedding.
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Aims of Study
The objective of this Project was to identify both evasion strategies utilised by Fasciola sp.

parasites and / or possible biochemical differences between F. gigantica and F. hepatica, which
could contribute to the variance in host susceptibility to infection with F. hepatica and F.

gigantica observed between these species. We set out to test four hypotheses:

1. that F. gigantica parasites are unable to inLibit nitric oxide (NO) production by phagocytes
resulting in the high resistance of the rat host to 7. gigantica,

2. that parasite antioxidant AOD enzymes are important determinants of the resistance of F.
hepatica to antibody dependent cellular cytotoxicity (ADCC);

3. that F. hepatica has an enhanced capacity relative to F. gigantica to suppress host cellular

proliferation responses in vivo and in vitro and that this contributes to the infectivity of F.

hepatica,
4. that the interaction of Fasciola sp. ESP with specific host immune effector cell surface

markers may regulate/suppress host immune responses.

33

S S SN

[ e ST

ot P n o P b e i e =5 s o

o M e e ek 1 e Tins D

AP SR, S S A




CHAPTER 2. MATERIALS AND METHODS

2.1 Genera! Techniques
Uniess otherwise stated, all experimental work was carried out within the Department of

Biochemistry and Molecular Biology, Monash University, Australia. The Monash University
Biochemistry and Molecular Biology Animal Ethics Committee under A.E.C. Number
Bioc/1998/07 approved all experimental procedures.

2.1.1 15% SDS PAGE Gels

F. hepatica ESP and $75 fractions were qualitatively analysed on 7.5, 12 and 15% SDS PAGE
gels. Gels were prepared according to the manufacturer’s instructions (BioRad). Briefly, samples
were diluted in sample loading buffer and boiled for 4 min and then loadéd into the gel lanes.
Gels were electrophoresed for approximately 1 hr at a constant voltage (1 70‘V). Three different

staining techniques were used:

Coomassie Stain: The gel was briefly rinsed in H;O and then immersed in 0.1% Coomassie
Brilliant Blue R-250 (in methanol:H,0:acetic acid in a 5:5:1 ratio) for 15 min at RT with
agitation. Gels were destained in 7.5% acetic acid.
\

Silver Stain: The method of Morrissey (1981) was used for visualising proteins with a greater
sensitivity than standard Coomassie stain. The gel was briefly rinsed in H,O and then fixed in 10
% ethanol, 7.5 % acetic acid for 15 min followed by 10 % ethanol. The gel was rinsed with 3
changes in H;O and then soaked in DTT (0.6 ug/ml) for 20 min. The gel was incubated with
silver nitrate (0.15 %) for 20 min followed by developing in 3 % sodium carbonate, 0.05 %

formaldehyde. Staining was stopped by acidification with solid citric acid.

Silver Periodic Acid Stain: This stain is a highly sensitive technique for staining 1,2-diol groups
of carbohydrates (Dubray & Bezard 1982). SDS PAGE gels were rinsed briefly in H,0 and then
fixed overnight at RT in 25% v/v iso-propyl alcohol and 10% glacial acetic acid followed by a
30 minute rinse in 7.5% acetic acid at RT. The gel is then soaked for 1 hour at 4°C in 0.2%

periodic acid and then rinsed with three 1 hr changes in distilled water. The gel was incubated in




fresh 0.1% AgNO; for 30 min, rinsed once in water and then immersed in silver stain developer

solution (3% w/v Na;COs, 0.05% formalin). Staining was stopped by acidification with solid

citric acid.

2.1.2 Western Blot Analysis

Western blot analysis using 15% SDS PAGE gels was used to identify the presence of F.
hepatica Cathepsin L as previously described (Wijffels er al. 1994b). The membrane was washed
and incubated for 30 min at RT with Sheep anti F. hepatica Cathepsin L antibody diluted to
1/1000 (Wijffels et al. 1994b) and developed for 30 min at RT with Rabbit anti Sheep 1gG (H+L)
AP conjugate (1/1000 dilution)(Silenus).

2.2 Reagents

2.2.1 General Reagents

Polyethylene glycol 20000, L-cysteine. HCL, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-
butane (E£64), sodium pyruvate, concanavalin A, phytohaemagglutinin, silver nitrate, imidazole,
z-Phe-Arg-NHMec, B-mercaptoethanol, trypan blue and dithiothreitol (DTT) were purchased
from Sigma Chemical Co. (Louis, MO, USA). Dextrose, glycerol and calcium chioride were
purchased from BDH Chemicals (Kilsyth, Australia). Yeast extract and peptone were purchased
from Oxoid Ltd., (Basingstoke, Hampshire, England). Gentamycin and DMEM were! purchased
from Life Technologies (Rockville, MD, USA). RPMI-PR’, penicillin/streptomycin and foetal
calf serum were purchased from Trace Scientific Lid., (Melbourne, Australia). ELISA plates, 24
well plates and 96 well U bottomed plates were purchased from Greiner Labortechnik
(Kremsmuenster, Austria). Ficoll paque, *H-thymidine, Superdex 75 FPLC column, Histrap
column and the Mono S column were all purchased from Amersham Pharmacia Biotech
(Sydney, Australia). Nitrocellulose membranes were purchased from Schieicher and Schuell
(Germany). Lithium heparin vacutainers were purchased from Becton Dickinson (United
Kingdonj. Recombinant human CD4 was supplied courtesy of Dr Garry Lynch from the Centre
for Virus Research, Westmead Institutes of Health Research, Westmead Hospital Sydney, NSW.

2.2.2 Monoclonal Antibodies
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A range of murine monoclonal antibodies (mAb) to shecp leukocyte surface antigens, which had
been compared within the International Ruminant Workshops (Larson e al. 1990), were used to
monitor effects elicited by F. hepatica ESP on leukocytes. 1 have listed the mAbs as: clone
(isotype) surface marker. These mAbs were: CC20 (IgG2a) CD1b; MUC2A (IgG2a) CD2;
GC1A (IgG2a) CD4; CC17 (IgG1) CD5; CC63 (1gGl) CD8a; ILA99 (IgG1) CD11a; MMI2A
(1gG1) CDI11b; BAQI153A (IgM) CDllc; CC-G33 (IgGl) CD14; CC21 (1gGl) CD2I;
CACTI116A (IgG1) CD25; GS5A (1gG1) CD45R; CC32 (IgG1) L-selectin; H58A (IgG2a) MHC
I; H42A (I1gG2a) MHC I1 (DP); TH14B (IgG2a) MHC Il (DR); TH81AS (1gG2a) MHC II (DQ);
86D (IgG1) y8 TCR; CC9I8 (IgG2b) WC6; CC28 (IgGl) WC10; CC81 (IgGlj ALVC subset
(Howard et al. 1997); ILA24 (IgG1) MyD-1 (Brooke, Parsons & Howard 1998). Antibodies for
CD45Ra, CD58, slgG, WC1, VLA4 and TcR1-N7 were supplied by Dr P Chaplin.

Three mAbs to human lymphocytes were used: mAb o Human CD4 (OKT4) (WEHI,
Melbourne, Australia), PE mAb o Human CD4 (PharMingen, Becton Dickinson) and PE mAb
o Human CD3 (PharMingen, Becton Dickinson). One mAb to bovine lymphocytes was used:
mAb o Bovine CD4 (Serotec, UK). The non fluorescent labelled antibodies were used with PE o
mouse Ig F(ab’)2 fragment (Silenus, AMRAD, Australia).

2.3 Fasciola Parasites and Products

2.3.1 Collection of Adult Fasciola Parasites

Living adult F. hepatica parasites were obtained from naturally infected bovine livers at a meat
processing plant in Tongala (Victoria, Australia), and washed twice briefly at 37°C in phosphaie
buffered saline solution pH 7.2 (PBS) to remove blood and bile. Living, intact parasites were
immediately incubated at 37°C for about 45 min in RPMI PR™ + 50 U/m) penicillin/streptomycin
(Pen/Strep) until all visible blood products and bile had been regurgitated. These "clean" flukes
were then snap frozen on dry ice and stored at ~80C. Living, adult F. gigantica parasites were

obtained from bovine livers in Indonesia using the same protocol.

F. hepatica metacercariae were purchased from either Compton Paddock Laboratories (Surrey

U.K.) or Baldwin Aquatics (Oregon, U.S.A.). F. gigantica metacercariaec were obtained from
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Balitvet Research Institute for Veterinary Science (Bogor, Indonesia) or purchased from the
Indian Veterinary Research Institute (Izathagar, India).

2.3.2 Excystment of Metacercariae

The excystment protocol for F. hepatica and F. gigantica metacercariac was based on that of
Smith and Clegg (1981) as modified by Wilson ef al. (1998) and Piedrafita e al. (2000). The
required number of viable cysts were removed either from cellophane sheets or from HyO,
transferred to a 15 ml tube and held in 10 mls of H,O for lhr at 37°C. The subsequent treatments
required to activate the metacercariae to excyst were incubation at 37°C, a low oxidation-
reduction (redox) potential, carbon dioxide (CO,) and taurocholic acid (Appendix 1). At the end
of the incubation period, NEJ, empty cysts and unexcysted metacercariae were washed twice
with phenol red-free RPMI 1640 media (RPMI-PR’) at 37C to remove the taurocholic acid and
placed in an “exystment tower” (height 2 cm, internal diameter 1 cm) within a well of a 24 well
tissue culture plate. The excystment tower was a modification of that of Tielens ef al. (1981) and
consisted of two halves of an inverted small tube (Nunc cryotubes, USA) separated by small-
mesh plastic netting (100 um holes)(Swiss Screens, Australia). The excysted parasites actively
passed through the mesh and settled at the bottom of the well. The mesh netting allowed
separation of the empty cyst walls and the unexcysted metacercariae from NEJ. NEJ used in

experiments were recovered at RT and washed 3-4 times with RPMI-PR’".

2.3.3 Whole Worm Extracts

Adult parasites were homogenised in 0.1% Triton X in 90 mM HEPES + 5 mM EDTA (0.05g
parasite / 500 pl of buffer) using an Ultra Turrax at 4°C. Homogenates were rocked on ice at 4°C
for 1 hr and then the supernatant was collected after centrifuging at 13000 rpm for 20 seconds.
Protein concentration for each preparation was determined using BioRad D¢ Protein Assay Kit
according to manufacturer’s instructions. The supernatant was stored in small aliquots at ~80°C

until required.

NEJ Fasciola parasites were suspended in 0.1% Triton X in 90 mM HEPES + 5 mM EDTA
(5000 NEJ / 50 pl of buffer). Homogenates were prepared using a comical hand held

homogeniser which fitted tightly into an eppendorf tube. Complete homogenisation was

37

i . T

i
]
i
1
%




determined by viewing the lysate under a microscope and observing only a few intact parasites
ont of the initial 5000. Homogenates were spun at 13000 rpm for 20 seconds, the supematant

was collected and the protein concentration was determined as described above. These

homogenates were used immediately.

2.3.4 ESP Collection
Living, intact adult F. hepatica parasites were treated and “cleaned” as described above. “Clean”

parasites were then incubated in fresh RPMI PR™ + 50 U/ml Pen/Strep (50 worms/100 mis) for
approximately 4 hr at 37°C. The regurgitant was immediately frozen on dry ice and stored at -
80°C until use. The ESP was placed in a dialysis bag (cutoff of 1000 Da) concentrated 10- fold
using polyethylene glycol 20000 and then dialysed overnight at 4°C against 3 L of PBS. The
protein concentration was estimated using the Bio-Rad D¢ Protein Assay Kit as described above.
This ESP preparation was used in all assays. ESP from adult F. gigantica parasites was collected

using the same protocol in Indonesia.

2.3.5 Treatment of ESP

Periodate cleavage

Periodate is a glycol cleavage reagent that reacts with vicinal hydroxy! groups to cleave the
carbon to carbon bond between them (Kennedy 1988). 10mM periodate was incubated with 100
pg/ml of Fasciola ESP for 2 hr at RT in the dark. Periodate cleavage of ESP was stopped by
dialysing the reaction against PBS overnight at 4°C. Samples were stored at —20°C (Yamashita ef
al. 1993, Cervi er al. 1996).

Proteinase K degradation

Proteinase K is an endopeptidase from the serine protease family, which predominantly cleaves
peptide bonds after the carboxyl group of N-substituted hydrophobic aliphatic and aromatic
amino acids and it also cleaves peptide amides (Corbalan-Garcia et al. 1994). 60 pg/ml
proteinase K was incubated with 1 mg/ml of Fasciola ESP at RT for 30 min. ESP degradation by
proteinase K was stopped by a 10 min incubation at RT with I mM PMSF (Protease Inhibitors:

Properties and Applications). Samples were stored at ~20°C.,
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2.3.6 Fractionation of ESP

Superose 12 Column

ESP molecules were fractionated by chromatography on a FPLC column of Superose 12 (S12)
HR 10/30. S12 is 12% highiy cross-linked agarose, which yields the greatest separation for
proteins in the range of 1-300 kDa. 1 ml samples were loaded and 1 ml fractions were eluied
using sterile PBS (filtered through a 0.22 um filter) at a flow rate of 0.5 ml/min at room
temperature. Collected proteins were estimated to have been diluted approximately 3 fold during

fractionation.

Superose 6 Column

ESP molecules were fractionated by chromatography on a FPLC column of Superose 6 (86) HR
10/30. S6 is 6% highly cross-linked agarose, which yieids the greatest separation for proteins in
the range of 5-5000 kDa. 1 m! samples were loaded and 1 ml fractions were eluted using sterile
PBS (filtered through a 0.22 pum filter) at a flow rate of 0.5 ml/min at room temperature.
Collected proteins were estimated to have been diluted approximately 3 fold during

fractionation.

Superdex 75 Column ;

ESP molecules were fractionated by chromatography on a FPLC column of Superdex 75 (875)
HR 10/30. S75 is a composite of cross-linked agarose and dextran and yields the greatest
separation for components in the range of 3 — 70 kDa. 1 ml samples were loaded and 1 ml
fractions were eluted using sterile PBS (filtered through a 0.22 um filter) at a flow rate of 0.5
ml/min at room temperature. Collected proteins were estimated to have been diluted

approximately 3 fold during fractionation.

2.3.7 Recombinant Cathepsin L. Proteases

Two recombinant F. hepatica Cathepsin L (rfFhCatl) proteases were used: rFhCatL5 and a
mutant of rFhCatL5 termed rFhCatL69Y in which the leucine at position 69 was mutated to
tyrosine. Their expression and purification have been previously described (Smooker ef al.
2001). Briefly, glycerol stocks of transfected yeast (expressing rFhCatL) were grown in minimal

media for 48 hr at 28°C. This minimal culture was then added to YPHSM media (1 % Dextrose,
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3 % Glycerol, 20 mM CaCl,, 1 % Yeast Extract, 8 % Peptone) for a further incubation at 28°C
for 72 hr. The supemnatant was coilected after centrifugation of the culture medium (2000 rpm for
10 min) and then dialysed for 16 hr at 4°C against 4 L of HisTrap starting buffer pH 7.6 (10 mM
Imidazole, 20 mM NaH:PQs, 0.5 M NaCl) with 2 changes. The supernatant was loaded onto a
HisTrap column at 2 ml/min at 4°C and bound protein was eluted using increasing 10 ml step
gradients of Imidazole (100 mM, 250 mM) in HisTrap starting buffer. The eluate was collected
from each step, fractions containing eluted protein were pooled and analysed for protein integrity
(using SDS PAGE gels). The final yield of rFhCatL was approximately 4 mg per litre of culture.
This rFhCatL preparation was dialysed for 16 hr at 4°C against 1 L of ion exchange starting
buffer pH 5.0 (25 mM CH3;COONa, 1 mM EDTA, Buffer A). rFhCatL was activated using 10
mM L-cysteine. HCI for 2 hr at 37°C and then loaded onto a FPLC column of Mono S HR 5/5,
equilibrated in Buffer f;—\, at 1 ml/min and eluted using a gradient over 15 mls from 0-0.5 M NaCl
in Buffer A. Fractions containing rFhCatL were pooled following identification by analysing on
SDS PAGE gels. The proteolytic activity of the rFhCatL was determined by titration with the
inhibitor E64 using the dipeptide z-Phe-Arg-NHMec as the substrate at 37°C using the method
from Barrett and Kirschke (1981). Approximately 10% of the purified recombinant protease

preparations were enzymatically active.

2.4 Collection / Purification of Immune Cells

2.4.1 Collection of Rat Peritoneal Lavage Cells (PLCs)

Monocyte/macrophage rich cell populations were obtained by peritoneal cavity lavage of naive
Wistar Rats. Resident lavage cells from F. hepatica and F. gigantica-naive rats, were collected
by simple lavage using sterile PBS containing 6 mM EDTA. The linea alba was incised and 50
mis of PBS poured directly into the peritoneal cavity followed by gentle massage for | min and
recovery of the peritoneal wash fluid using 20 ml syringes. PLCs were obtained by centrifuging
the PLC wash fluid at 1500 r.p.m. at 25°C for 6 minutes. If there was red blood cell
contamination then the pellet was resuspended in red cell lysis buffer (0.17 M Tris Ammonium
Chloride pH 7.2) for 10 min at 37°C. This treated cell pellet or uncontaminated cell preparations
were then washed three times with PBS, and the resulting pellet was resuspended in 5-10 mls of
sterile RPMI-PR" at 4°C containing 10 % heat inactivated foetal calf serum, 2 pg/ml

amphotericin B and 10 pg/ml gentamycin.
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2.4.2 Isolatien of Human, Ovine and Bovine Peripheral Blood Mononuclear Cells (PBMCs)
Blood was collected from either naive humans, mature Merino ewes or Fresian cross cattle into
10 ml sterile lithium heparin vacutainers and centrifuged for 20 min at 1700 rpm at RT. The
buffy coat was removed manually using a pasteur pipette, diluted 1:5 in PBS, layered onto 10
mls of 100% Ficoll Paque, then centrifuged for 30 min at 2400 rpm at RT. The cells at the
interface (PBMCs) were removed and washed 3 times in PBS by 6 min centrifuge spins at 1300
spm at RT. PBMCs were counted and resuspended at the desired concentration in RPMI

complete media.

2.4.3 Isolation of Sheep Afferent and Efferent Lymphocytes

Sheep afferent lymph was obtained by cannulation of the re-anastomosed afferent ducts
following removal of the prefemoral lymph node (Emery, Mac Hugh & Ellis 1987). Efferent
lymph was obtained from the prescapular lymph node of a mature Merino ewe which had been
previously cannulated (Hall & Morris 1962). Lymph was collected into sterile plastic bottles
containing 5000 IU heparin (DBL, Australia). Lymph was pelleted at 1700 rpm for 7 min at RT
and then washed once in PBS at RT. Cells were resuspended in Dulbecco’s Modified Eagle
Media (containing 10 % FCS, 50 pg/ml gentamycin, 50 U/ml pen/strep, 50 uM B-

mercaptoethanol and 20 pM sodium pyruvate) and cell counts were performed.

2.5 Infecting Merino Sheep with F. gigantica

Six random bred Merino ewes (Group A) and six Haemonchus contortus resistant ewes (Group
B — descendents from the Golden Ram) were orally infected with one dose of 250 F. gigantica
metacercariae. Five random bred Merino ewes composed the uninfected control group. A week
prior to F. gigantica infection, sheep were treated with Closantel to kill any existing H. contortus
infections. Sheep were not included in the experiment if they tested positive for any specific

antibodies for Fasciola antigens. Sheep were killed 10 weeks post infection.

2.6 Whole Blood Assays
Blood was collected from naive sheep into 10 ml sterile lithium heparin vacutainers. This biood

was diluted 1:10 into RPMI Complete Media (10 % foetal calf serum (FCS), 50 upg/ml
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gentamycin, 50 U/ml pen/strep, 50 uM 2-mercaptoethanol and 20 uM sodium pyruvate). 200 pl
was added to each well of a 96 well ELISA plate containing either: 10 pg/ml Concanavalin A
(Con A); Con A + adult F. hepatica ESP; Con A + 8§75 F. hepatica ESP fractions and Con A +

rFhCatL. These incubations were performed in quadruplicate and repeated in the presence of E64

(10 uM final concentration). The cultures were incubated for 72 hr at 37°C in an atmosphere

containing 5 % CO,. 24 hr prior to harvesting, 3H-thymidine (0.2 pCi/weil) was added. At
completion of the incubation, the plates were frozen at —20°C. Cells were harvested onto
multiscreen filtration system 96 well microplates (Millipore) which were analysed for ’H-
thymidine activity using a Packard TopCount Microplate Scintillation Counter. The viability of
the cells after the 72 hr incubation was assessed by the exclusion of trypan blue on a control
plate. Statistics were performed on all data using the program INSTAT with the specific

statistical measurement detailed in the figure/table legends.

Sheep PBMC proliferation assays were performed using the above protocol for whole blood

proliferation assays at a final concentration of 2 x 10° cells/200 pl/well.

2.7FACS

FACS analysis was used to identify the effect of F. hepatica and F. gigantica ESP or rFhCatL on
a broad range of surface markers on both sheep PBMCs and efferent lymphocytes. 5 x 10° cells
were plated into each well (100 pL) of a 96 well U bottomed plate. Plates were centrifuged at
1200 rpm for 3 min at RT, the supernatant was decanted and cells were resuspended in medium
alone or medium containing F. hepatica or F. gigantica ESP (50-500 pg/ml) or rFhCatL (50-300
pg/mi), with and without E64 (10 uM). Since active site titration assays showed that only 10% of
these recombinant protease preparations were active, the concentration of active recombinant
protease was 20-30 pg/ml. These cultures were incubated for § hr at 37°C in an atmosphere
containing 5 % CO,. Cells were washed 3 times in PBS at RT by centrifuging of the plates at
1300 rpm, then incubated with the appropriate mouse anti-sheep surface marker antibody (1/200
—~ 1/1000 dilution, supplied by CSIRO ~ Division of Animal Health) for 15 min at RT. Controls
were cells with medium alone and cells incubated with mouse anti-sheep Ig isotype antibody

alone. Non-specific binding of these mouse antibodies (mouse isotypes IgG1, IgG2a, IgG2b,
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IgM) to T cells was not observed (data not shown). Cells were washed 2 times in PBS at RT and
then incubated with goat anti-mouse Ig antibody with a FITC tag (1/200 dilution, Silenus) at
room temperature for 15 min. Cells were washed 2 times in PBS at RT, resuspended in 100 ul
PBS and analysed using a Becton Dickinson FACSsort. Results were based on 10,000 — 100,000
events. In one experiment, this method was modified as follows: Cells were plated out as above
and then fixed in 1 % paraformaldehyde for 15 min at RT. The cells were washed 3 times in PBS
at RT and the assay performed as usual using incubations with either media or F. hepatica ESP,
with and without E64 (10 pM). In another experiment, ceils were plated out and incubated with
either media or F. hepatica ESP for 5 hr and then washed as described above. These cells were
then incubated for a further 18 hr at 37°C in media alone, washed 2 times in PBS and then
stained as described above. FACS analysis was performea on human PBMCs using the same
method described above, using antibodies to human CD4 and CD3. Statistics (using statistical
measurements within Cell Quest from Becton Dickinson) were performed on all cell populations.
The data was presented in either histogram format or bar graphs which displayed the mean

fluorescent intensity (X geometric mean) of the CD4+ T cell populations.

2.8 In vitro Cleavage of Recombinant Human CD4

Individual incubations of 4 pg of rHuCD4 were digested with 20 ng of rFhCatl5 or
rFhCatL69Y, incubated for 0, 10, 20, 30 60 and 90 min at 37°C, These reactions were stopped
by the addition of reducing sample buffer and immediately snap frozen. The individual samples
were then analysed on silver stained 15% SDS PAGE gel.

2.9 In vitro Nitric Oxide Assays

The levels of nitrite in culture supematants of lavage cells were determined at the end of an
incubation period and used as an indicator or nitric oxide production by lavage cells (Hibbs et al,
1988; Ignarro et al. 1993). Incubations were cartied out at 37°C in 96 well, flat bottom ELISA
plates, in a humidified incubator in the presence of 95% air and 5% COx. 2 x 10° viable rat PLCs
were cultured for 3 days in 200 p) R“MI PR- containing 10% heat-inactivated foetal calf serum,
2 pg/ml amphotericin B, 10 pg/ml gentamycin, with or without 0.5 ug/ml LPS, F. hepatica ESP,
F. gigantica ESP, or combinations of these stimulants. The ESP was either treated,

unfractionated or fractions collected following gel filtration chromatography as described above.
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In addition 0.5 mM monomethyl L-arginine (L-NMMA, Sigma, USA) was included in some
incubations as a competitive inhibitor of nitric oxide synthase (Hibbs et. al. 1988).

Nitrite (NO,") concentration in the culture media was assayed by a standard Greiss reaction
(Green et al. 1982). At the end of the incubation period, 100 pl of media was added to 50 pl of
1% sulphanilamide (Sigma, USA) in 2.5% H3PO4 pH 1.0 (0.85%, BDH Chemicals, England}
and 50 pl of 1% naphthylenediamine dihydrochloride (Sigma, USA). After 15 min, the
concentration was determined with reference to a standard curve generated using concentration
from 10 uM to 280 M sodium nitrite (Sigma, USA) in culture media. Under these conditions,

the detection limit was | uM.

2.10 Anti-Oxidant Defence Enzyme Assays :

Glutathione peroxidase

The glutathione peroxidase (GSH-Px) assay was based on the method of Hopkins and Tudhope
(1973). Glutathione peroxidase catalyses the reduction of organic peroxides (ROOH) and
hydrogen peroxide by glutathione (GSH). These assays were based on GSH-Px catalysing the
reduction of hydrogen peroxide by ghutathione. The oxidised glutathione (GSSG) produced was
reduced back to glutathione by glutathione reductase, measured spectrophotometrically as a

decrease in absorbance at 340nm due to the accompanied oxidation of NADPH to NADP".

GSH-Px GR
H20, + 2GSH »>->->-> 2H,0 + GSSG + NADPH -»->->-> GSH + NADP*

650 pl of 90 mM HEPES pH 7.4, + 5 mM EDTA was used as the blank. To this buffer, in this : }
order, glutathione reductase (Sul), NADPH (25ul), NaN; (Sul), GSH (25ul) and H,0 (265ul)
were added. Measurements were commenced and after 2 minutes of equilibration, 25ul of H,0, |
was added and the solution was allowed a further minute to equilibrate. Parasite homogenate was
added to render a final concentration of approximately 50 pg/ml. The specific activity was

expressed as nmoles of GSH oxidised per mg of protein.

44




Glutathione S-Transferase
The glutathione S-transferase (GST) assay was based on that of Habig, Pabst and Jackoby

(1974). This assay monitors the oxidation of reduced glutathione as observed by an increase in

absorbance at 340nm.

The spectrophotometer was blanked after the addition of 25 pl of CDNB (8.1 mg/ml) to 970 pl
of 1mM GSH in 0.1M Phosphate buffer (pH 6.5). Measurements were commenced and afier the
stabilisation of a baseline, parasite hor.ngenate was added to yield a final concentration of

approximately 0.05 mg/ml. The specific activity of glutathione S-transferase was defined as the

amount {(nmoles) of CDNB conjugated per minute per mg of protein.

Catalase

The catalase assay was based on the method of Ganschow and Schimke (1969) and measured the
dissociation of hydrogen peroxide (H>0,) into water and oxygen as a decrease in absorbance at a
wavelength of 240 nra. 1 unit of catalase activity was defined as the amount of enzyme necessary

- to decompose 50% of 20mM 1,0, in 1 min.

Catalase

2H;0; 22292 2H,0+ O,

900 pl of 0.1% Triton X 100 in 2.5mM Phosphate buffer pH 7.0 was added to a cuvetie and this
was used as the blank. Reading commenced after the addition of 100 pl of HyO,. Once the
baseline had stabilised sample was added to give a final concentration of approximately
0.05mg/ml. Bovine liver catalase was used as a positive control in all experiments. One unit of
catalase activity is defined as that amount of enzyme required to decompose 50% of 20 mM

hydrogen peroxide in 1 minute at 25C. The specific activity of catalase was expressed as units of

catalase per mg of protein.

SOD

The superoxide dismutase (SOD) assay was based on the cytochrome ¢ reduction method of

Flohe and Otting (1984) using bovine erythrocyte SOD as a standard. Cytochrome c is reduced




R

by the superoxide radical generated by the xanthine-xanthine oxidase enzyme system. The
reduction of cytochrome ¢ causes an increase in absorbance at a wavelength of 550 nm. In the

presence of SOD, cytochrome ¢ reduction is inhibited and, thus, no increase in absorbance at 550

nm is observed.

Xanthine Oxidase
Xanthine 2 >2>2222>92 0y

073
Cytochrome ¢ >~>->-> reduced cytochrome ¢

Solution A consisted of 50mM Phosphate buffer + OilmM EDTA (pH 7.8) (655pl), H,0 (45pl),
xanthine (250ul), cytochrome ¢ (25ul). Solution B was xanthine oxidase from cow’s milk. The
spectrophotometer was blanked at 550 nm against Solution A. Maximum reduction of
cytochrome ¢ was determined by adding 20 pl of Solution B to Solution A and observing the
incline in absorbance. The presence and activity of SOD was determined by adding the
appropriate amount of parasite homogenate (final concentration approximately 0.05mg/ml) or a
commercial source of SOD (bovine erythrocyte) being added to Solution A, followed by the
addition of 20 pul of Solution B and recording the incline in absorbance. One unit of SOD activity
is defined as the amount of enzyme necessary to inhibit the rate of reduction of cytochrome ¢ by
50%.
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CHAPTER 3: SUPPRESSION OF SHEEP CELLULAR PROLIFERATION

3.1 Introduction

Fasciola hepatica, the temperate liver fluke, is capable of attenuating the malnmglian immune
system (Mulcahy, Joyce & Dalton 1999). In sheep, F. hepatica infections exert
immunosuppressive effects at specific times post infection. Significant suppression, as measured
by the lymphoeyte proliferative response to different mitogens during parasitic infection, was
observed 4 and 10 weeks after infection of sheep (Zimmerman ef al. 1983, Chauvin, Bouvet &
Boulard 1995). Selective suppression of the host’s immune responss may be to the parasite’s
advantage since these times correspond to phases of rapid parasite growth within the liver

parenchyma and establishment within the bile ducts (Zimmerman ef al. 1983).

Immunomodulatory effects of excretory / secretory products (ESP) released by the adult parasite
have been observed in vitro. These ESP- related activities include dose-dependent inhibition of
mitogen-stimulated proliferation of lymphocytes from naive sheep (Jefferies, Barrett & Turner
1996); induction of mononuclear spleen cell populations which, upon adoptive transfer, suppress
delayed type hypersensitivity responses to parasite antigen (Cervi, Rubinstcin & Masih 1996);
inhibition of the superoxide burst by phorbol myristate acetate-stimulated sheep and human
neutrophils (Jefferies, Turner & Barrett 1997); and inhibition of nitric oxide production by LPS-
stimulated rat peritoneal cells in the first two weeks following infection (Cervi et al. 1998).
However, the active components within F. hepatica ESP responsible for this immunosuppression

have not yet been elucidated.

A major component of F. hepatica ESP is a group of cathepsin L cysteine proteases which are
27-30 kDa in size (Smith ¢ al. 1993b, Wijffels et al, 1994a, Dowd et al. 1994). These proteases
are expressed in the intermediate to late phase of parasite development and at least 7 different
cathepsin L jsoenzymes have been identified by 2D gel electrophoresis and by cDNA cloning
(Wijffels et al. 1994a, Tort e al. 1999, Smooker er al. 2000). F. hepatica cathepsin L has already
been shown to initiate a range of effects including: prevention of antibody-mediated attachment

of eosinophils 1o juvenile flukes in virro (Carmona ef al. 1993); the formation of blood clots
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induced through clotting of fibrinogen (Dowd, McGonigle & Dalton 1995) and cleavage of the
Fc portion of immuncglobulin (Berasain er al. 2000). This was reviewed in Chapter 1.5. -1
The first section of this study investigated the effect of F. gigantica infection on sheep
lymphocyte proliferation, in order to determine whether the immunosuppresive effect on whole
blood proliferation was not limited to F. hepatica infection alone but a characteristic of
infections with Fasciola sp. in the ovine host. The second section of this study attempted to
identify the molecule(s) within ESP responsible for the in vitro suppression of ovine whole blood
cellular proliferation. :
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3.2 Results

3.2.1 The Effect of a F. gigantica Infection in Sheep on Subsequent Lymphocyte

Proliferation ex vivo in Response to Mitogen Stimulation

A primary infection experiment with F. gigantica was conducted at University of Sydney
(Camden, New South Wales) by Professer H. Raadsma. Permission was obtained from AQIS to
perform the trial for up to 10 weeks post infection (i.e.. before eggs are released into faeces) to
prevent possible contamination of the environment with F. gigantica eggs. We investigated the
resistance of two Merino Sheep groups to F. gigantica. Group A were unselected outbred Merino
sheep and Group B were descendents from the “Golden Ram” which have a genetic

predisposition to Haemonchus resistance (Woolaston, Barger & Piper 1990),

Whole blood from both Merino sheep groups were stimulated with the mitogens Concanavalin A
(Con A) and Phytohemagglutinin (PHA) to investigate the effect on cellular proliferation ex vivo,
at weekly intervals from 3 to 10 WPI with F. gigantica. Data for week (-2 are unfortunately not
available because of a technical failure during transport of blood from University of Sydney to
Monash University (Clayton, Victoria). Significant suppression of cellular proliferation ex vive
between mononuclear cells from F. gigantica infected Group B Merino and F. giganrica-naive
Merino sheep were observed at 3 and 10 WPI and 3,4,5 and 9 WPI when cells were stimulated
with Con A and PHA, respectively (Fig 3.1, 3.2). There were no significant differences in
cellular proliferation observed between cells from F. gigantica infected Group A Merino and F.
gigantica-naive Merino sheep (Fig 3.3, 3.4). The two groups did show similar proliferation
profiles suggesting an overall trend for suppression around 3&4 and 9&10 WPI. Although only
one experiment was performed, due to the constraints imposed by AQIS and the cost of meeting
quarantine requirements, these results suggest that a F. gigantica infection can suppress

lymphocyte proliferation in sheep.

3.2.2 Identification of Fasciola ESP Components that Suppress Lymphocyte Proliferation

in vitro
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Fig 3.1 Whole blood proliferation during an F. gigantica infection in Group B Merino
sheep stimulated with Concanavalin A. The results are expressed as a percentage of
*H-thymidine uptake for the control uninfected sheep cells with Con A collected at the
corresponding week. Blood from 6 F. gigantica infected sheep and from 4 uninfected
controls was assayed in quadruplicate and the mean and standard deviation values
are shown. Significant differences (P<0.05) were calculated using the parametric
Bonferroni test and are shown by *,
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Fig 3.2 Whole blood proliferation during an F. gigantica infection in Group B Merino sheep
stimulated with PHA. The resuits are expressed as a percentage of *H-thymidine uptake

for the control uninfected sheep cells with PHA coliected at the corresponding week. Blood
from 6 F. gigantica infected sheep and from 4 uninfected controls was assayed in
quadruplicate and the mean and standard deviation values are shown. Significant differences
(P<0.05) were calculated using the Bonferroni parametric test and are shown by *.
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Fig 3.3 Whole blood proliferation during an F. gigantica infection in Group A Merino
sheep stimulated with Concanavalin A. The results are expressed as a percentage of
*H-thymidine uptake for the control uninfected sheep cells with Con A collected

at the corresponding week. Blood from 6 F. gigantica infected sheep and from 4
uninfected controls was assayed in quadruplicate and the mean and standard

deviation values are shown. There were no significant differences (P<0.05)
calucated using the parametric Bonferroni test.
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Fig 3.4 Whole biood proliferation during an F. gigantica infection in Group A Merino
sheep stimulated with PHA. The results are expressed as a percentage of *H-thymidine
uptake for the control uninfected sheep cells with PHA collected at the corresponding
week. Blood from 6 F. gigantica infected sheep and from 4 uninfected controls was
assayed in quadruplicate and the mean and standard deviation values are shown.
There were no significant differences (P<0.05) calculated using the parametric
Bonferroni test.

e e g s s

P,

AL bR

e vt AEEN . + apes

i k]




We next investigated whether Fasciola sp. ESP was associated with the suppression of mitogen-
induced whole blood cellular proliferation in vitro, using blood from Fasciola naive outbred
Merino sheep. Significant levels of suppression of Con A or PHA-stimulated cellular
proliferation were observed when mononuclear cells were incubated with 15 pg/ml and 50 pg/ml
of either F. hepatica ot F. gigantica ESP, when compared to control cells incubated with Con A
or PHA alone (Fig 3.5, 3.6). Lymphocyte viability was not affected at these concentrations of
Fasciola ESP as determined by trypan blue exclusion (data not shown). The exact mechanisms
of action for Con A and PHA on T cells are unknown. It is thought that these mitogens will both
act through indirectly cross linking the T cell receptor (TCR) surface molecule. This is due to the
observat: n that both mitogens are ineffective on cells which do not express the TCR (Kruisbeck
& Shevach 1999). Similar effects on cellular proliferation were observed with both mitogens

and, therefore, subsequent experiments in this section used only Con A.

In order to identify the Sur:Jpl'CSSiVC components in Fasciola sp. ESP, ESP was fractionated by
molecular sieving on a Superose 6 (S6) column and the individual fractions were analysed for
their effect on Con A-induced cellular proliferation from control Fasciola-naive sheep whole
blood. Significant suppression was observed for both F. hepatica and F. gigantica ESP fractions
17-25 and 21-22 respectively (Fig 3.7, 3.8). These fractions were isolated using an S6 column
which predominantly separates components in the 5 - 5000 kDa range and corresponded to
proteins in the <70 kDa range. To further characterise the suppressive constituents we then
proceeded to run Superdex 75 (875) columns as these give optimal separation for components in
the 3 — 70 kDa range.

F. hepatica and F. gigantica ESP were each fractionated on a S75 column and the fractions
collected were subsequently analysed for their effect on Con A-induced cellular proliferation in
vifro, using blood from Fasciola-naive outbred Merino sheep. Significant suppression of
proliferation was observed with fractions 6-14 and 7-13&15-17 collected from the $75 column
using F. hepatica and F. gigantica ESP, respectively (Fig 3.9, 3.10). This level of suppression
was comparable to or greater than that seen with unfractionated F. hepavica or F. gigantica ESP

(50 pg/ml) respectively (Fig 3.9, 3.10).
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Fig 3.5 Whole blood proliferation assay for Fasciola-naive sheep cgiiz stimulated with
different mitogens at increasing concentrations of F. hepatica ESP. The results are
expressed as a percentage of “H-thymidine uptake for the control naive sheep cells with
either mitogen but with no F. hepatica ESP present. Values represent the means + SD
of quadruplicate wells. Significant differences (P<0.05), compared to control celis,

were calculated using the Dunnett Multiple Comparison test and are shown by an a

or b for the Con A and PHA stimulated cells respectively. Similar results were

obtained in two different experiments.
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Fig 3.6 Whole biood proliferation assay for Fasciola-naive sheep cells stimulated with
different mitogens at increasin%; concentrations of F. gigantica ESP. The results are
expressed as a percentage of “H-thymidine uptake for the control naive sheep with either
mitogen but with no F. gigantica ESP present. Values represent the means + SD of

quadruplicate wells. Significant differences (P<0.05), compared to control cells, were
calculated using the Dunnett Multiple Comparison test and are shown by an a or b for
the Con A and PHA stimulated cells respectively. Similar results were obtained in two
different experiments.
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Fig 3.7 Whole blood proliferation assay for Fasciola-naive sheep cells stimulated with
Con A and individual fractions of F. hepatica ESP separater on a Superosa 6 FPLC
column. The results are expressed as a percentzge of SH-t’I’uyn*-Ldine uptake for the
control naive sheep cells with Con A alone. Vzli:z4 represent the rivears + SD of
quadruplicate wells. Significant differences (P<0.05), compared to cells vith Con A
alone, were calculated using the Dunnett Multiple Comparisons test. Significant
differences were observed for cells + Con A and fractions 17-25.
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Fig 3.8 Whole blood proliferation assay for Fasciola-naive sheep cells
stimulated with Con A and individual fractions of F, gigantica ESP
separated on a Superose 6 FPLC column. The resuits are expressed

as a percentage of 3H-thymidine uptake for the control naive sheep cells
with Con A alone. Values represent the means + SD of quadruplicate wells.
Significant differences (P<0.05), compared to naive sheep cells with Con A

alone, were calculated using the Dunnett Multiple Comparisons test. Significant
differences were observed for cells + Con A and fractions 21,22 and 26.
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Fig 3.9 Whole blood assay for Fasciola-naive sheep celis stimulated with Con A in the
presence of individuai fractions of F. hepatica ESP separated on a Superdex 75 FPLC
column. The results are expressed as a percentage of 3H—thymidine uptake for the control
naive sheep cells with Con A alone. Values represent the means + SD of quadruplicate 3

wells. Significant differences (P<0.05), compared to naive sheep cells with Con A alone,
were calculated using the Dunnett Multiple Comparisons test. Significant differences
,_ were observed for cells + Con A and fractions 6-14 and 20. Similar resuits were obtained
1 in two different experiments.
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Fig 3.10 Whole blood assay for Fasciola-naive sheep cells stimulated with Con A in the
presence of individual fractions of F. gigantica ESP separated on a Superdex 75 FPLC
column. The results are expressed as a percentage of *H-thymidine uptake for the control
naive sheep cells with Con A alone. Values represent the means + SD of quadruplicate
wells. Significant differences (P<0.05), compared to naive sheep celis with Con A alone,
were calculated using the Dunnett Multiple Comparisons test. Significant differences

were observed to cells + Con A and fractions 7-13 and 15-17. Similar results were
obtained in two separate experiments.




The greatest suppressive effect on Con A- induced whole blood cellular proliferation in vitro was
observed in the presence of fractions 7-13 of F. hepatica ESP and fractions 8-12 of F. gigantica
ESP. These ESP fractions were analysed by 15% SDS PAGE gels and compared with whole
Fasciola ESP and fractions 4 and 14 from their respective S75 column, where minimal
suppression was observed. As shown in Fig 3.11 A and B, a major component within
suppressive fractions 8-11 was a 28 kDa doublet known to represent cathepsin L (Wijffels et al.

1994a), although there were also some other lower molecular weight bands present.

In order to confirm whether the 28 kDa doublet was cathepsin L, Western blot analysis of the
S75 suppressive fractions, using sheep anti-F. hepatica cathepsin L antibody, was performed. A
band corresponding to the 28 kDa cathepsin L doublet in both Fasciela sp. S75 suppressive
fractions (Fig 3.12 A, B) was identified. Two controls were included on each gel to further
confirm the identification of cathepsin L: unfractionated F. Aepatica or F. gigantica ESP, in
which the characteristic 28 kDa cathepsin L doublet was identified and rFhCatL5, which was
detected in its unprocessed proenzyme form (46 kDa). This unprocessed form was also detected

in fractions 7 and 8.

To confirm that suppression of celiular proliferation was due to the cathepsin L activity within F,
hepatica and F. gigantica ESP, the whole blcod cell proliferation assay was repeated with the
fractions in the presence of the cysteine protease inhibitor, E64 (Barrett ef al. 1982). Incubation
of whole F. kepatica ESP with E64 restored proliferation by approximately 50 % (Fig 3.13).
Incubation of whole blood cells with F. hepatica ESP fractions 7-12, collected from the S75
column, in the presence of E64 restored their proliferation to control levels (Fig 3.13). With .
gigantica ESP fractions addition of E64 also restored proliferation to control levels although the
level of suppression seen in this batch of ESP was lower than observed above (Fig 3.14 compare
Fig 3.10). However addition of E64 to cells incubated with whole F. gigantica ESP only partially
restored proliferation (Fig 3.14). An additional control for the experiment was whole blood cells
incubated with Con A + E64 in the absence of either Fasciola sp. ESP, which showed that E64

had no effect on Con A-induced proliferation (data not shown).
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Fig 3.11 Silver stained 15% SDS PAGE gels analysing /- ficpatica ESP
and /< hepatica Superdex 75 fractions (A) and /v gigantica ESP and

I gigantica Superdex 75 fractions (B). [+ hepatica and F. gigantica ESP
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gels, The migration of the standards is shown on the left.
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75 fractions (A) and F. gigantica ESP and F gigantica Superdex 75 fractions
(B). I hepatica and I gigantica ESP (10, pro rFhCatL5 (20ul) and
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probed with sheep anti /%~ hepatica Cathepsin L antibody. The migration of
the standards is shown on the left.
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Fig 3.13 Whole blood assay for Fasciola-naive sheep cells stimulated with Con A *

in the presence of individual Superdex 75 F. hepatica fractions with and without E64.
The results are expressed as a percentage of *H-thymidine uptake for the control

naive sheep cells with Con A alone. Values represent the means + SD of quadruplicate
wells. Significant differences (P<0.05), compared to naive sheep cells with Con A alone,
were calculated using the Dunnett Multiple Comparisons test. Significant differences 3
were observed for cells + Con A and fractions 4-14. Significant differences (P<0.05), '1
compared to naive sheep cells with Con A, E64 and fractions were calculated using the
Bonferroni Multiple Comparisons Test. Significant differences were observed for cells +

Con A + fractions 5 and 7-12. Similar results were obtained in two separate
experiments.
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Fig 3.14 Whole blood assay for Fasciola-naive sheep cells stimulated with Con A

in the presence of individual Superdex 75 F. gigantica fractions with and without E64.
The results are expressed as a percentage of 3H-thymidine uptake for the control

naive sheep cells with Con A alone. Values represent the means + SD of guadruplicate
wells. Significant differences (P<0.05), compared to naive sheep cells with Con A alone,
were calculated using the Dunnett Multiple Comparisons test. Significant differences
were observed for cells + Con A and fractions 10, 11 and12. Significant differences
(P<0.05), compared to naive sheep cells with Con A, E64 and fractions were calculated
using the Bonferroni Multipie Comparisons Test. Significant differences were observed
for cells + Con A and fractions 10 and 11. Similar results were obtained in two

separate experiments.
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To further confirm that cathepsin I was mediating the suppressive effects observed, we
examined the effects on cell proliferation of two different recombinant F. hepatica cathepsin L
isoenzymes (xFhCatL5, rFhCatL69Y), that were available in our laboratory (Smooker ef al.
2000). Two concentrations were investigated and significant suppression of cell proliferation was
observed at both 5 and 25 pug/ml of rFhCatL5 and 5 and 10 ug/ml of thCafL69Y (Fig 3.15).
Correspondingly, E64 was able to restore proliferation when included with 5 pg/ml of rFhCatL5.
These results add further evidence for a cathepsin L role in suppressing sheep cellular

proliferation.
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Fig 3.15 Whole blood assay for Fasciola-naive sheep cells stimulated with Con A

in the presence of recombinant F. hepatica Cathepsin L (rFhCatL5 or rFhCatL69Y),
with and without E64. the results are expressed as a percentage of 3H-thymidine
uptake for the control naive sheep cells with Con A alone. Values represent the means
+ SD of quadruplicate wells. Significant differences (P<0.05), compared to the naive
sheep cells with Con A alone, were calculated using the Dunnett Multiple Comparisons
test. Significant differences were observed for cells + Con A and any concentration of
rFhCatl5 or rFhCatL69Y investigated. A significant difference (P<0.05) was ohserved
for naive sheep cells with Con A, E64 and rFhTatl5 (5ug/ml) compared o naive sheep
cells with Con A and rFhCatL5(5ug/ml). Similar results were obtained in two separate
experiments.




3.3 Discussion

To date, the suppression of proliferative responses due to fasciolosis in sheep has only been
demonstrated in F. hepatica infected sheep (Zimmerman ef @l. 1983 and Chauvin, Bouvet &
Boulard 1995). In this study we examined the effect of a current F. gigantica infection in two
different strains of Merino sheep on cellular proliferation in response to two different mitogens
ex vivo, in order to determine whether inhibition of proliferative responses was a general
phenomenon in Fasciola infections within sheep. It was also of interest whether F. gigantica
infections in Merino sheep with a genetic predisposition to resistance to Haemonchus parasites
would display different proliferative characteristics compared with outbred Merino sheep.
Significant suppression for Con A or PHA induced cellular proliferation was only observed for
descendents from the “Golden Ram” at 3 &10 and 3, 4, 9 & 10 WPI respectively. With outbred
Merino sheep cellular proliferation was not significantly suppressed during the infection trial but
the proliferation profiles showed a similar trend during the experiment to those obtained for the
Golden Ram descendents. Variations were expected with the different sheep genotypes in
relation to the extent of their immune response. Several papers report higher ecsinophilia in H.
contortus-infected lambs that are genetically selected for resistance to H. confortus compared
with outbred Merino sheep (Dawkins, Windon & Eagleson 1989, Buddie et al. 1992, Rothwell ef
al. 1993). Hence the obseived differences in level of suppression observed between breeds,
infected with F. gigantica, was expected. Overall these results suggested that F. gigantica
infections, like F. hepatica infections, can exert an immunosuppressive effect on ceilular
responses. However the magnitude of suppression varied between the two different genetic
populations of Merino sheep investigated and this variation is also likely to occur between sheep
species. The preliminary data prescnted here suggests that F. gigantica can suppress cellular
proliferative responses during the first 10 weeks of infection in the ovine host. This is the first

report of F. gigantica suppressing host cellular proliferative responses (not published).

The life cycle within sheep of F. gigantica does vary from that of F. hepatica (Spithill, Smooker
& Copeman 1999). F. gigantica starts moving from the liver parenchyma and establishing in the

bile ducts aroun:. 12 —16 WP1 (Grigoryan 1958, Guralp, Oxcan & Simms 1964, Sewell 1966,

Prasitirat e7 al. 1996). In contrast F. hepatica, moves into the bile ducts around 7-10 WPI (Dawes
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& Hughes 1964, Boray 1969). Due to AQIS requirements that F. gigantica trials conclude by 10
WPI, we were prevented from extending the time course to determine if current F. gigantica
infections also induce suppression of cellular proliferation at the time adults enter the bile ducts

as seen for F. hepatica.

We then investigated the potential molecule (s) responsible for causing this suppression within
both F. hepatica and F. gigantica ESP using whole blood from naive sheep as a source of
lymphocytes for proliferation assays in vitro. F. hepatica ESP has been shown to suppress
mitogen-induced naive sheep cellular proliferation at increasing concentrations of ESP products
(Jefferies, Barrett & Turner 1996). Our first experiment repeated this work, and extended the
work to show that F. gigantica ESP is also capable of suppressing cellular proliferation from
Fasciola-naive sheep in vifro. These results indicate a role for both F. hepatica and F. gigantica
ESP in suppressing lyimphocyte proliferation responses suggesting that these two parasites may

express similar suppression mechanisms.

We subsequently identified macro-molecules within both F. hepatica and F. gigantica ESP
capable of suppressing mitogen-induced sheep cellular proliferation in vitro. ESP was
fractionated on both S6 and S75 columns and 875 separated fractions with suppressive activity
on Con A- induced cellular preliferation were identified. This experiment was confirmed using
two different preparations of ESP collected from adult F. hepatica and a single batch of ESP
from F. gigantica. This is due to the difficulty in collecting ESP from F gigantica in Indonesia.
SDS PAGE gels showed that the main component of these forementioned suppressive fractions
(separated on the S75 column) was a 28 kDa doublet characteristic of cathepsin L (Wijffels ef al.
1994a). The SDS PAGE gels also revealed some bands of < 28kDa in size. These lesser
constituents may be breakdown products of cathepsin L since cathepsin L is known to self cleave
into components of 14kDa (Wijffels er al. 1994a,b) ; alternatively, the components may be other

proteins which co-eluted with cathepsin L. Western blot analysis using specific anti-sera
identified the 28 kDa doublet as cathepsin L.

To confirm a role for cathepsin L in suppressing sheep cellular proliferation in vitro E64 (a

cysteine protease inhibitor) was utilized (Barrett e al. 1992). E64 is a specific cysteine protease
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inhibitor, which will reverse any suppressive effects caused by the activity of cysteine proteases.
The addition of E64 to the suppressive fractions ablated their suppressive activity, confirming the
involvement of an active cysteine protease in suppression. Interestingly E64 only partially
reversed the suppressive effects of whole Fasciola sp. ESP. This result suggests that there are at
least two components in Fasciola ESP responsible for suppressing whole blood cellular
proliferation, but only one of these being a cysteine protease. Future work could involve the
identification of this other component by purification and sequencing individual proteins that

promote suppression in vitro.

In order to directly demonstrate a role for cathepsin L in causing suppression of cellular
proliferation, recombinant F. hepatica cathepsin Ls were evaluated. Two different recombinant
F. hepatica cathepsin Ls were shown to be capable of suppressing naive sheep whole blood
cellular proliferation in vitro. The addition of E64 suppressed the activity of recFhCatL5 at the
concentration tested (5 pg/ml). Together, these results identified cathepsin L proteases as major

immunosuppressive molecules released by F. hepatica.

Cathepsin L cysteine proteases are 27-30 kDa in size and represent the major protein component
of Fasciola ESP (Smith er al. 1993b, Wijffels er al. 1994a, Dowd er al. 1994). These proteases
are expressed in the intermediate to late phase of parasite development. At least 7 different
cathepsin L isoenzymes have been identified by 2D gel electrophoresis of ESP from adult F.
hepatica flukes (Wijffels ef al. 1994b) and ¢cDNA cloning (Smooker ef al. 2001 and Tort ef al.

1999). As discussed above, F. hepatica cathepsin L has already been shown to initiate a range of

effects including prevention of antibody-mediated attachment of eosinophils to juvenile flukes in
vitro (Carmona ef al. 1993), the formation of blood clots induced through <lotting of fibrinogen
(Dowd, McGonigle & Dalton 1995) and cleavage of F region of IgG (Carmone er al. 1993,
Smith ef al. 1993a, Berasain, ei al. 2000). These were reviewed in Chapter 1.5,

The seven cathepsin L isoenzymes can be separated into two main groups based on their
substrate specificity at the P, position (Smooker ef al. 2001). rFhCatL5 belengs to group 1 which
prefers a phenylalanine at P». Group 2 cathepsin Ls such as rFhCatL69Y prefer a proline at P,.

Despite these subtle differences in substrate specificity, both recombinant cathepsins suppressed
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proliferation ex vivo. It remains io be seen whether all the cathepsin L isoenzymes from both
Fasciola sp. are capable of suppressing sheep whole blood proliferation in vitro. Further work
would address this question by purification of the individual isoenzymes and testing these
individually. In addition to this, mass spectrometry and N-terminal sequencing could be utilised
to confirm which enzymes are being released by the different developmental stages of Fasciola

parasites at the observed times of suppression.

In summary, we have provided preliminary evidence that an F. gigantica infection can suppress
the mitogen induced proliferation of sheep lymphocytes at similar time periods to those observed
with F. hepatica infections in Merino sheep ex vivo. We have also demonstrated for the first time
that both F. hepatica and F. gigantica cathepsin Ls present in ESP are involved in suppressing
mitogen-induced whole blood cellulall proliferation by naive sheep immune cells in vitro (Prowse
et al. 2002). In the following Chapter the mechanism of suppression induced by exposure to

cathepsin L is investigated.
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CHAPTER 4: IDENTIFICATION OF SURFACE MARKERS ON T CELLS AND
DENDRITIC CELLS CLEAVED BY CYSTEINE PROTEASES OF FASCIOLA

4.1 Introduction

In the previous Chapter we showed that suppression of sheep whole blood cellular proliferation
in vitro was associated with cathepsin L protease activity in both F. hepatica and F. gigantica
ESP. This was a novel immunomodulatory role for Fasciola cathepsin L proteases. Previously
identified roles of F. hepatica cathepsin L were reviewed in Chapter 1.5. Together these results
demonstrate that cathepsin L proteases exhibit a range of immunomodulatory activities.
However, to date the mechanism by which Fasciola cathepsin Ls inhibit mitogen induced

cellular proliferation was unknown.

Other parasite infections have also been shown to suppress lymphocyte proliferation in vitro.
This was reviewed in Chapter 1, section 1.4. An example was Trypanosoma cruzi infections in
humans, which result in reduced immune responsiveness and several studies have investigated
the underlying mechanism/s operating in this infection (Motran er al. 1996, Beliz, Szlein &
Kierszenbaum 1988, Kierszenbaum ef al. 1990, 1991, Sztein, Cuna & Kierszenbaum 1990). One
in vitro study revealed diminished T cel! proliferation in response to a range of different
mitogens due to a deficiency at the level of accessory cells (Motran et al. 1996). Further
investigation revealed a decrease in accessory cell surface marker expression of HLA-DR (MHC
class Il gene product) and CDI11b antigens. The authors proposed that infection by T. cruzi
reduced the level of expression of these markers, such that accessory cells can no longer induce
normal levels of T lymphocyte proliferation (Motran er al. 1996). Other in vifro studies, have
shown that a secretion product released by T. cruzi can reduce surface expression of the 11-2
receptor, CD3, CD4 and CD$ (Beltz, Sztein & Kierszenbaum 1988, Kierszenbaum et al. 1990,
Sztein, Cuna & Kierszenbaum 1990). All of these markers play a key role in lymphocyte

activation and a reduction in their expression may lead to suppression of T cell proliferation.

Lymphatic cannulation sheep models have allowed significant insights to be made into

lymphocyte trafficking along with the physiology of cell movements through lymphoid and non-
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lymphoid tissues (reviewed in Young 1999). An advantage of cannulating sheep, 2 larger
experimental model, is that it is possible to isclate lymphatic vessels drai.ing individual lymph
nodes. The surgical model for cannulating sheep efferent and afferent iymphatics were first
described by Hall and Morris (1962) and Emery, MacHugh & Ellis (1987), respectively. From
these models a local draining node is isolated and cell populations are monitored entering

(afferent lymph) or leaving (efferent lymph) the node.

This technology has been used in experiments analysing immune responses to different antigens
and adjuvants, as induced immune responses are measurable at the lymph node draining the site
of vaccination (Dresser, Taub & Krantz 1970, Trnka & Cahill 1980, Hopkins, McConnell &
Pearson 1981). More recently, cannulation models have been used for coliection of different cell
populations for in viiro experimentation of the effect of antigens on individual cell populations,
cytokine responses and cellular surface markers (Emery, Rothel & Wood 1990, Rothel et al.
1997, 1998, Windon er al. 2000). Advances in tx f2pth of analysis are achievable because of the
increasing production / availability of monoclonal antibodies to sheep surface markers and
cytokines (Mackay, Maddox & Brandon 1987, Mackay 1988, Hein & Mackay 1991).

In this Chapter, we attempted to identify the mechanism of action exhibited by Fasciola sp.
cathepsin Ls in suppressing sheep cellular proliferation. It was hypothesised that suppression of
sheep cellular proliferation may be mediated by cleavage of proteins on the surface of immune
cells involved in the initiation / activation of cellular proliferation. Therefore, the aim of this
Chapter was to identify potential effector cells and surface protein targets of Fasciola sp. ESP on

immune cells collected from sheep afferent and efferent lymph.
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4.2 Results

The FACS data presented in this Chapter are the results from a single experiment which was
representative of at least two other experiments conducted with sheep cells. The Mean
Fluorescent Intensity (MFI) values for the surface marker expression on cells did vary between
experiments. This was most likely due to acquiring cells from different animals for
experimentation, or may have resulted from minor variations in incubation times, room
temperature and the fact that different batches of Fasciola ESP were used during the course of
this study. However consistent trends were observed between experiments, for the relative level
of expression of surface markers under the conditions examined and it is these trends which are

discussed.
4,2.1 Effect of Fasciola sp. ESP on Expreszion of Sheep Cell Markers in vitro

In order to begin to identify surface markers on cells that could be a target for cathepsin L the
effect of Fasciola sp. ESP on the expression of a range of surface markers (Table 4.1 ~ in total
29 surface markers) on cells from afferent and efferent lymph was analyscd. Antibodies to these
markers were available through our collaboration with CSIRO Animal Health, Parkville. These
markers are found on a range of immune cells, as shown in Table 4.1. We studied both afferent
and efferent Iymph as each contains different immune cells. The cell types found in afferent and
efferent lymph are displayed in Table 4.2. In the initial experiments afferent and efferent lymph
from cannulated sheep were analysed for possible shifts in each of the forementioned cell
markers. Gates for lymphocyte populations wer: based on FACS data analyzing size and
granularity of either afferent or efferent lymph. Gates for dendritic cells in afferent lymph were

based on size and expression of surface CD1b.

Preliminary experiments centered on the minimal concentration of Fasciola ESP required for a
change in expression of any of the sheep cell surface markers. 50, 100 and 250 pg/ml of F.
hepatica ESP and 50, 100, 250 and 500 pg/ml of F. gigantica ESP were incubated for 5 hrs with
sheep afferent or efferent lymph (5 x 10° cells / well). Since cathepsin L represents

approximately 40% of total protein in ESP (Wijffels e/ al. 1994a), these concentrations of ESP
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Table 4.1: Leukocyte Markers Analysed

Marker Cell/Tissue Distribution

CD1b Dendntic cells; cortical thymocytes

CD2 CD4 and CDS T cells; 60-70% thymocytes; dendritic cells;

CD4 Subset of a/ff TCR expressing cells

CD5 "Pen-T cells; subset of B cells

CD8a Subset of a/pp TCR expressing cells

CDlla Lymphocytes; granulocytes; monocytes; macrophages
CD11b Alveolar macrophages; blood mononuclear cells; granulocytes
 CDllc Alveolar macrophages; afferent lymph dendritic cells; eosinophils
CD14 Monocytes, macrophages and langerhans cells

CD21 B cells; dendritic cells

CD23 B cells; monocytes; weakly on T cells, dendritic cells and eosinophils
CD25 Activated T cells; 30-40% CD4" 1 celis in blood

CD45R All lymphocytes; macrophages; granulocytes

CD45Ra Same as CD45R

CDs58 Mature and immature haematopoietic cells; erythrocytes

L-selectin T cells”

MHCI1 Expressed on most nucleated cells

MHC Il dp | Dendritic cells; B cells; monocytes; macrophages; activated T cells
MHC Il dr | Same as MHC Il dp

MHCIIdq | Sameas MHC Il dp

MyD-1 Dendritic cells, monocytes and neutrophils”

sigG B lymphocytes®

WCl ¥8 T Cells

wCo6 30% lymphocytes from the blood, afferent and efferent lymph,

majority of afferent lymph dendritic cells’

WCI10 Some afferent lymph veiled celis (ALVCY ]
y8TCR ¥d T cells

Unknown MAD cc81 — specific for an undefined marker on a subset of ALVCs®

e b el

R PP R

P T T L T SR

;
:
;
:
L
E
3




VLA4 Mononuciear leukocytes, lymphocytes™

TcR1-N7 ¥5 T cells”

Uniess otherwise indicated this table was complied from Barclay et al. 1997

*Howard, Sopp & Parsons 1992; ®Brooke, Parsons & Howard 1998; °Da Costa ef al. 1992; “Dutia,
Ross & Hopkins 1993; ‘Howard er al. 1997; "Tanaka ef al. 1994; ®Stoltenborg er al. 1593; "Davis
etal. 1996
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Table 4.2: Celi types found in peripheral blood and afferent and efferent iymph

Cell Type Peripheral Afferent Efferent
Blood (%) Lymph (%) Lymph (%)
Lymphocytes 40-75 70 - 95 95 - 100
-CD4 T cells 143 +3.0 38.5+3.7 388+7.7
-CD8 T cells 85+0.5 128+ 1.1 140+1.3
-8 T cells 11.8+2.1 27.8+2.2 10.0+3.1
-Bcells 17.5+53 ~73+03 320+7.0
Neutrophils 10 - 50 0--10 <1
Eosinophils 0-15 G-10 <]
Basophils 0-3 0-10 <1
Macrophages, monocytes, dendritic 1-6 5-20 <1

cells

This table was compiled from Peterhans & Carter 1998, Smith er al. 1970 and Mackay et al.

1988

RS o T p R A Al T

T
B
1
4
g
4
:
;
I




represent about 20-200 pg/ml of native cathepsin L however it should be noted that only a
proportion of this cathepsin L protein is enzymatically active, suggesting that the actual level of
active cathepsin L in the incubations is < 20 — 200 pg/ml. Significant shifts in CD1b, C34 and
CD8 expres;sion were observed with 250 and 500 pg/ml of F. hepatica and F. gigantica ESP
respectively (Fig 4.1a & 4.1b). The raw results for the other 26 surface markers analysed are
displayed in Appendix 1. This Chapter will only fccus on the three forementior.ed mar 13 where
consistently significant shifts were observed. CD4 and CD8 expression was reduced about 10
fold whereas CD1b expression was up-regulated. The broad profile of CD1b positive cells
suggests that there is a range of CDIb expression levels on afferent dendritic cells. This
experiment was repeated twice confirming consistent differences in surface expression for these

three markers alone. All future experiments, unless otherwise stated, used 250 pg/ml of F.

hepatica ESP or 500 pg/ml F. gigantica ESP with § x 10° cells / well.

4.2.2 Effect of Incubation Time of Fasciola sp. ESP on CD4, CD8 and CD1b Expression on
Sheep Cells

In the preliminary experiments CD4, CD8 and CD1b were shown to have altered expression
after a 5 hr incubation with either F. hepatica ESP or F. gigantica ESP. In this set of experiments

the effect of incubation time on the expression of these surface markers was examined.

{a) CD4

CD4 expression on dendritic cells and afferent and efferent lymphocytes decreased over time
following incubation in the presence of F. hepatica or F, gigantica ESP (Fig 4.2a). A notable
down regulation in the mean fluorescent intensity (MFI) of the CD4 positive sheep cells was
observed after a 3 hr incubation with either Fasciola sp. ESP (Table 4.3a). After a 16 hr
incubation, the MFI of the CD4-positive cells had decreased along with a reduction of cells gated
within this range (Table 4.3a) indicating an elimination of the CD4 surface marker on the
majority of lymphocytes and all dendritic cells. Exposure to Fasciola ESP thus induced a down

regulation of CD4 levels on sheep immune cells in vitro.

(b) CD8
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Fig4.1a: The effect of I hepatica ESP (250 ng/ml) on the expression of sheep cell surface markers CD1b,
CD4 CD8 on either afferent (gated for dendrntic cells or lymphocytes ) or efferent lymph (gated for
lymphocytes) after a S hr incubation. The grey shaded area represents the surface marker expression on
sheep cells in the presence of F. hepatica ESP after a 5 hr incubation while the black overlay shows the
normal surface marker expression on the tdentical population of sheep cells incubated for S hrs in media
alone. Data in each plot represent a minimum of 2,500 events for dendritic cells and a minimum of 20,000
events for lymphocytes stained with mouse anti-sheep surface marker and FITC anti-mouse
immunoglobulin. Histograms show the fluorescent intensity (X axis) versus cell number (Y-axis). Similar
results were obtained in two separate experiments.
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Fig 4.1b: The effect of F. gigantica ESP (500 pg/ml) on the expression of sheep cell surface markers
CD1b, CD4 and CDS8 on either afferent (gated for dendritic cells or lymphocytes ) or efferent lymph (gated
for lymphocytes) after a 5 hr incubation. The grey shaded area represents the surface marker expression
on sheep cells in the presence of /- gigantica ESP after a 5 hr incubation while the black overlay shows the
normal surface marker expression on the identical population of sheep cells incubated for 5 hrs in media
alone. Data in each plot represent a minimum of 2,500 events for dendritic cells and a minimum of 20,000
events for lymphocytes stained with mouse anti-sheep surface marker and FITC anti-mouse
immunoglobulin. Histograms show the fluorescent intensity (X axis) versus cell number (Y-axis). Similar
results were obtained in two separate experiments.
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Fig 4.2a: The effect of I< hepatica ESP (250 pg/ml) and F gigantica ESP (500 pug/mi) on the expression of
the CD4 surface marker on sheep efferent lymph over a 16 hr period. The grey shaded area represents the
normal CD4 expression on sheep cells after a 1 hr incubation in media alone. The brown, blue, red, and
orange overlays represent the CD4 expression levels on sheep efferent lymph after 1, 3, S, or 16 hr
incubations respectively with antigen. Data in each plot represent a minimum of 2,500 events for
dendritic cells and a minimum of 20,000 events for lymphocytes stained with mouse anti-sheep CD4 and
FITC anti-mouse immunoglobulin. Histograms show the fluorescent intensity (X-axis) versus cell
number (Y-axis). M1 represents the region for the MFI values displayed in Table 4.3a. Similar results
were obtained in two separate experiments.
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Sample Events Gated % Gated Mean Fluorescent
Intensity

Afferent Lymph ~ Dendritic Cells
Media 1 hr 4451 33.8 165.5
F. hepatica ESP 250 ug/ml 1 hr 6488 36.7 195.5
F. hepatica ESP 250 pg/ml 3 hr 4989 26.9 104.5
F. hepatica ESP 250 pg/ml 5 hr 3340 18.0 91.3
F. hepatica ESP 250 pg/ml 16 hr 10 0.1 67.4
F. gigantica ESP 500 pg/ml 1 hr 5001 28.57 160.67
F. gigantica ESP 500 pg/ml 3 hr 4116 19.2 93.12
F. gigantica ESP 500 pg/ml 5 hr 849 38 90.4
F. gigantica ESP 500 pg/ml 16 hr  5° 0.1 131.6

Afferent Lymph - Lymphocytes
Media 1 hr 51617 55.4 1442
F. hepatica ESP 250 pg/ml 1 hr 61293 55.8 164.1
F, hepatica ESP 250 pug/ml 3 hr 65586 53.6 59.6
F. hepatica ESP 250 ug/ml 5 hr 68672 52.8 45.5
F. hepatica ESP 250 ug/ml 16 hr
F. gigantica ESP 500 pg/ml 1 hr 61145 55.7 127.9
F. gigantica ESP 500 pg/mi 3 hr 76670 53.0 48.6
F. gigantica ESP 500 pug/m! § hr 52425 314 23.2
F. gigantica ESP 500 pg/ml 16 hr

Efferent Lymph - Lymphocytes
Media 1 hr 20006 44.0 198.1
F. hepatica ESP 250 pg/ml 1 hr 19215 42.3 155.5
F. hepatica ESP 250 pg/ml 3 hr 18351 40.1 64.0
F. hepatica ESP 250 pg/mi 5 hr 18269 41.7 59.6
F. hepatica ESP 250 pg/ml 16 hr 4817 10.2 19.6
F. gigantica ESP 500 pg/mi 1 hr 18634 41.3 111.9
F. gigantica ESP 500 pg/ml 3 hr 14596 31.2 3438
F. gigantica ESP 500 pg/ml 5 hr 9990 20.9 22,6
F. gigantica ESP 500 ng/ml 16 hr 2488 52 18.2

Table 4.3a: CD4 expression levels on sheep immune cells after exposure to Fasciola ESP

over a time course. Data were collected from the experiment shown in Fig 4.2a. MFI
values were measured on the events within the M1 region shown in Fig 4.2a. Similar
results were obtained in two separate experiments. *Cells autofluouresced
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The effect of Fasciola sp. ESP on CD8 expression varied on each cell type. CD8 expression on
efferent lymphocytes with either Fasciola ESP was up-regulated at 1 and 3 hr after exposure to
ESP (Fig 4.2b, Table 4.3b). However zfter the 5 hr incubation with either ESP, CD8 was down
regulated on efferent lymphocytes and this down regulation increased following ovemight
incubations with either Fasciola sp. ESP (Fig 4.2b,Table 4.3b). In contrasi, on afferent
lymphocytes CD8 levels were upregulated after 1 —3 hr exposure to ESP and in the presence of
F. hepatica ESP remained higher than control CD8 levels after 16 hr incubations with ESP. CD8
expression levels on afferent lymphocytes in the presence of F. gigantica ESP decreased after 5
hours and, after the 16 hr incubation, the percentage of CD8 positive cells had decreased (Fig
4.2b,Table 4.3b).

On dendritic cells, up-regulation of CD$§ expression was observed in the presence of either
Fasciola ESP after 1-3 hr exposure to ESP (Fig 4.2b, Table 4.3b). A decrease in the % of cells
expressing CD8 was observed after both the 5 hr and overnight incubations with either Fasciola
sp. ESP (Fig 4.2b, Table 4.3b).

Overall, these results suggest that the effect of Fasciola sp. ESP on CD8 expression is complex.
There is an early up-regulation of CD8 expression on immune celis after 3hrs incubation with
either Fasciola sp. ESP. However, a down regulation in CD8 expression is observed on sheep
efferent [ymphocytes and afferent dendritic cells in the presence of either Fasciola sp. ESP over
5-16 hr incubation period. F. gigantica ESP also down regulates CD8 expression on afferent
lymphocytes over 5-16 hr incubation period. The down regulation of CD8 expression on sheep
immune cells after a 5 hr incubation with Fasciola sp. ESP is focussed on in the following

experiments.

(c) CDIb

CD1b expression on afferent dendritic cells increased over time in the presence of either
Fasciola ESP (Fig 4.2c). A notable positive shift in the MFI of CD1b positive sheep cells was
apparent after incubation for 1 hr with Fasciola ESP and this increased over the time course
studied. Although the extent of up-regulation of CD1b levels varied between experiments, the

up-regulation of expression was repeatable (Fig 4.2¢, Table 4.3¢). Cells incubated in the
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Fig 4.2b: The effect of K hepatica ESP (250 pug/ml) and F. gigantica ESP (500 pg/ml) on the expression of
the CD8 surface marker on sheep efferent lymph over a 16 hr period. The grey shaded area represents the
normal CD8 expression on sheep cells after a 1 hr incubation in media alone. The brown, blue, red, and
orange overlays represent the CD8 expression levels on sheep efferent lymph after 1, 3, S, or 16 hr
incubations respectively with antigen. Data in each plot represent aminimum of 2,500 events for dendritic
cells and a minimum of 20,000 events for lymphocytes stained with mouse anti-sheep CD8 and FITC anti-
mouse immunoglobulin. Histograms show the fluorescent intensity (X-axis) versus cell number (Y-axis).
M1 represents the region for the MFI values displayed in Table 4.3b. Similar results were obtained in two
separate experiments.
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Sample Events Gated % Gated Mean Fluorescent
Intensity
Afferent Lymph — Dendritic Cells
Media 1 hr 1062 85 508.4
F. hepatica ESP 250 pg/ml 1 hr 1678 13.3 640.9
F. hepatica ESP 250 pg/ml 3 hr 1165 7.9 1009.9
F. hepatica ESP 250 pg/ml 5 hr 457 2.6 663.4
F. hepatica ESP 250 pg/ml 16 hr 881 5.61 661.7
F. gigantica ESP 500 pg/ml 1 hr 1459 12.5 883.6
F. gigantica ESP 500 pg/ml 3 hr 973 5.6 913.8
F. gigantica ESP 500 pug/ml 5 hr 227 1.12 449.8
F. gigantica ESP 500 pg/ml 16 hr 6586 37.5 350.0
Afferent Lymph - Lymphocytes
Media 1 hr 12513 11.6 325.6
F. hepatica ESP 250 pg/ml 1 hr 10187 10.4 370.2
F. hepatica ESP 250 ng/ml 3 hr 16102 12.6 577.5
F. hepatica ESP 250 ng/ml 5 hr 18366 12.6 3394
F. hepatica ESP 250 pg/ml 16 hr 19706 12.4 592.1
F. gigantica ESP 500 pg/ml 1 hr 11285 12.0 5494
F. gigantica ESP 500 pg/ml 3 hr 20335 13.0 362.9
F. gigantica ESP 500 pug/mi § hr 19651 10.8 262.6
F. gigantica ESP 500 pg/ml 16 hr 7069 43 374.5
Efferent Lymph - Lymphocytes
Media 1 hr 10660 233 122.3
F. hepatica ESP 250 ng/ml 1 hr 10930 243 153.7
F. hepatica ESP 250 pg/m! 3 hr 11840 259 200.4
F. hepatica ESP 250 pg/ml 5 hr 11511 250 120.6
F. hepatica ESP 250 pg/m] 16 hr 5570 11.7 40.6
F. gigantica ESP 500 ug/ml 1 hr 10637 23.6 149.5
F. gigantica ESP 500 pg/ml 3 hr 12163 26.2 206.7
F. gigantica ESP 500 ug/ml 5 hr 10066 21.0 69.0
F. gigantica ESP 500 pg/ml 16 hr 3354 7.0 35.5

Table 4.3b: CD8 expression levels on sheep immune cells after exposure to Fasciola ESP

over a time course. Data were collected from the experiment shown in Fig 4.2b. MFI
values were measured on the events within the M1 region shown in Fig 4.2b. Similar
results were obtained in two separate experiments.
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Fig 4.2¢: The effect of I hepatica ESP (250 pg/ml) and F. gigantica ESP (500 pg/ml) on the expression of
the CD1b surface marker on sheep afferent lymph dendritic cells over a 16 hr period. The grey shaded
area represents the normal CD1b expression on sheep cells after a1 hr incubation in media alone. The
brown, blue, red, and orange overlays represent the CD1b expression levels on sheep efferent lymph after
1,3, 5, or 16 hr incubations respectively with antigen. Data in each plot represent & minimum of 2,500
events for dendritic cells stained with mouse anti-sheep CD1b and FITC anti-mouse immunoglobulin.
Histograms show the fluorescent intensity (X-axis) versus cell number (Y-axis). M1 represents the region
forthe MFI values displayed in Table 4.3¢. Similar results were obtained in two separate experiments.




Sample Events Gated % Gated Mean Fluorescent
Intensity

Media 1 hr 8385 49.3 290.6

F. hepatica ESP 250 pg/ml 1 hr 7637 45.5 290.4

F. hepatica ESP 250 pg/ml 3 hr 11251 69.0 364.2

F. hepatica ESP 250 pg/ml 5 hr 11095 67.8 364.7

F. hepatica ESP 250 pg/ml 16 hr 12545 723 486.3

F. gigantica ESP 500 ug/ml 1 hr 8225 474 269.4

F. gigantica ESP 500 pg/ml 3 hr 10664 62.8 381.2

F. gigantica ESP 500 pg/ml 5 hr 10721 60.0 361.5

F. gigantica ESP 500 pg/ml 16 hr 14927 93.0 1491

Table 4.3¢c: CD1b expression levels on sheep dendritic cells after exposure to Fasciola

ESP over a time course. Data were collected from the experiment shown in Fig 4.2c. MFI

values were measured on the events within the M1 region shown in Fig 4.2¢. Similar
results were obtained in two separate experiments.
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presence of F. gigantica ESP appearad to autofluoresce after the overnight incubation (Fig 4.2¢,
Table 4.3c). This opinion was based on the excessively high fluorescence along with the change
‘n the structure of the CD1b expression profile. Exposure to Fasciola ESP thus induced a

prolonged up-regulation of expression of CDIb on sheep dendritic cells over the time course

analysed in vitro.

Overall, these results suggest that Fasciola sp. ESP induces a down regulation in CD4 expression
on immune cells, an up regulation of CD1b expression levels on dendritic cells and a bipolar
effect on CD8 expression levels on immune cells. A 5 hr incubation of sheep immune cells with
Fasciola sp. ESP was deemed the optimal time to observe notable shifts for these markers and

this incubation time was used in subsequent experiments.

4.2.3 Mechanism of Action of Fasciola sp. ESP in Determining the Changes in CD4 and
CD8 Expression on Sheep Cells

~ To ascertain whether CD4 and CD8 were being cleaved from sheep afferent !ymphocytes,

afferent lymph was fixed with 1 % paraformaldehyde and then incubated with F. hepatica (250
pg/ml)y or F. gigantica ESP (500 ug/mi) for 5 hrs. If CD4 or CD8 were being actively down-
regulated in the presence of Fasciola sp. ESP by an indirect effect of ESP on some other T cell
component there would be little change of CD4 or CD8 expression on the fixed T cells.
However, if CD4 and/or CD8 were being directly cleaved from the surface by protease activity
in ESP, a reduction in the expression of these surface makers on T cells would still occur on

fixed cells.

The results show a notable decrease in the MFI for CD4 on fixed afferent lymph dendritic cells
and afferent lymphocytes in the presence of either F. hepatica ESP or F. gigantica ESP
compared with CD4 expression on the same fixed cells incubated in media alone (Fig 4.3a, Table
4.4a). This implies that CD4 was being cleaved from the cell surface. CD8 expression was also
decreased on fixed afferent lymph cells incubated with either Fasciola sp. ESP for 5 hrs (Fig
4.3b, Table 4.4b). The MFI for CD8 expressing cells decreased while the percentage of cells
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Fig 4.3a: The effect of I hepatica ESP (250 pg/ml) and K. gigantica ESP (500 pg/ml) on the expression
of CD4 on fixed sheep afferent lymph (gated for dendritic cells or lymphocytes) after a Shrincubation.
Sheep immune cells were firstly fixed with 1 % paraformaldehyde and then incubated for 5 hrs with
either FFasciola sp. ESP. The grey shaded area represents CD4 expression on fixed sheep celis in the
presence of . hepatica or E gigantica ESP after a 5 hrincubation while the black overlay shows CD4
expression on the identical population of fixed sheep cells incubated for the same incubation in media
alone. Data in each plot represent a minimum of 2,500 events for dendritic cells and a minimum of
20,000 events for lymphocytes stained with mouse anti-sheep CD4 and FITC anti-mouse
immunoglobulin. Histograms show the fluorescent intensity (X-axis) versus cell number (Y -axis). M1
represents the region for the MFI values displayed in Table 4.4a. Similar results were obtained in three
separate experiments,
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Sample Events Gated % Gated Mean Fluorescent
, Intensity

Afferent Lymph — Dendritic Cells

Media I hr 3017 22.7 337.4

F. hepatica ESP 250 pg/ml 1703 16.3 178.8

F. gigantica ESP 500 pg/ml 2032 18.8 201.2

Afferent Lymph - Lymphocytes

Media 1 hr 89469 56.3 240.5
F. hepatica ESP 250 pg/ml 89778 56.4 96.5
F. gigantica ESP 500 pg/ml 98614 55.2 102.3

Table 4.4a: CD4 expression levels on sheep immune cells fixed in 1% paraformaldehyde
and then exposed to Fasciola sp. ESP. Daia were collected from the experiment shown in
Fig 4.3a. MF1 values were measured on the events within the M1 region shown in Fig
4.3a. Similar results were obtained in three separate experiments.
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Fig 4.3b: The effect of & hepatica ESP (250 ng/ml) and I< gigantica ESP {500 ug/ml) on the r >ression
of CD8 on fixed sheep afferent lymph (gated for dendritic cells or lymphocytes) afier a Shr.. “abation.
Sheep immune cells were firstly fixed with 1 % paraformaldehyde and then incubated for > hrs with
either Fasciola sp. ESP. The grey shaded area represents CD8 expression on fixed sheep cells in the
presence of K hepatica or F. gigantica ESP after a 5 hr incubation while the black overlay shows CD8 :
expression on the identical population of fixed sheep cells incubated for the same incubation in media
alone. Data in each plot represent a minimum of 2,500 events for dendritic cells and a minimum of “
20,000 events for lymphocytes stained with mouse anti-sheep CD8 and FITC anti-mouse i
immunoglobulin. Histograms show the fluorescent intensity (X-axis) versus cell number (Y-axis) M1 !

represents the region for the MFI values displayed in Table 4.4b. Similar resuits were obtained in three }
separate experiments.
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Sample ‘Events Gated % Gated Mean Fluorescent ]
: Intensity 3
1 Afferent Lymph ~ Dendritic Cells
I Media 1 hr 1561 11.8 306.3 ;
F. hepatica ESP 250 ng/ml 902 9.2 196.5 :
F. gigantica ESP 500 pg/ml 830 10.0 186.0 |
Afferent Lymph - Lymphocytes *
? Media | hr 17798 11.9 188.2
F. hepatica ESP 250 pug/ml 15756 10.3 114.2
Media 1 hr 15038 10.1 237.8
F. gigantica ESP 500 pg/mi 12900 8.4 149.8

Table 4.4b: CD8 expression levels on sheep immune cells fixed in 1% paraformaldehyde
and then exposed 1o Fasciola sp. ESP. Data were collected from the experiment shown in : %
Fig 4.3b. MFI values were measured on the events within the M1 region shown in Fig
4.3b. Similar results were obtained in three separate experiments.




expressing CD8 remained rather constant (Table 4.4b) This suggests that there was a reduction in

the number of CD8 surface molecules on each individual cell.

In order to determine whether T cells were capable of up regulating CD4 expression levels
following exposure to F. hepatica ESP, sheep efferent T cells were incubated with F. hepatica
ESP for 5 hours, washed to remove ESP components, and then incubated for a further 18 hr in
medium alone. This cell population exhibited a notably higher proportion of CD4" T cells (Fig
4.4) than celis incubated with F. hepatica ES for 5 hr (Fig 4.4). Relative levels of CD4
expression was estimated by comparison of MFI values (82 and 22 respectively, Fig 4.4). These
resulis suggest that CD4 expression can be up-regulated on sheep T cells when F. hepatica ESP
is removed from the system, although the level of CD4 expression did not retum to control levels
(Fig 4.4).

These observatiens imply that CD4 and CD$ are being cleaved from the surface of sheep
immune cells and tuat CD4 can be up-regulated upon the removal of F. hepatica ESP, but do not

demonstrate which component in ESP is responsible for the down regulation.

4.2.4 Identification of the Active Component Within Fusciola sp. ESP Responsible for
Changes in CD4, CD8 and CD1b Expression on Sheep Lymphocytes and Dendritic Cells

As cathepsin L was shown to cause suppression of cellular proliferation in the previous chapter,
we firstly investigated whether cathepsin L activity was responsible for the effects observed on
CDA4, CD8 and CD1b surface expression through the use of the cysteine inhibitor E64. Efferent
lymph was incubated with either F. hepatica ESP (50, 100, 200 or 250 ug/ml) or F. gigantica
ESP (50, 100, 250, or 500 pg/ml) with and without E64 (10 uM) for 5 hr at 37 °C and then
stained for CD4 expression (Fig 4.5a). The addition of E64 to F. hepatica or F. gigantica ESP at

any of the concentrations investigated restored the expression of CD4 to levels on efferent T
lymphocytes (Fig 4.5a, Table 4.5a).

To further characterise the role of cysteine proteases in CD4 cleavage, the effect of rFhCatl
proteases on efferent CD4" T cells was analysed. Two rFhCatl, were available. rFhCatlL5
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Figure 4.4: CD4 expression levels on sheep efferent lymph T lymphocytes afier various
incubations with F. heparica ES at 250 pg/ml. Cells were incubated as follows: media
alone (Fig 4.4A), F. hepatica ES for 5 hr (Fig 4.4B), or were incubated with F. hepatica
ES for 5 hr, washed 3 times and then incubated for 18 hr in media alone (Fig 4.4C). Data
in each plot represent 20,000 events for cells stained with mouse anti-sheep CD4 and
FITC anti-mouse immunoglobulin. Histograms show the fluorescent intensity of the CD4
positive peak (X-axis) versus cell number (Y-axis). Similar results were obtained in two
separate experiments with samples assayed in duplicate.
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Fig 4.5a: The effect of E64 on the down regulation of CD4 on sheep immune cells after exposure to
Fasciola ESP. E hepatica ESP (50, 100, 200, or 250 pg/ml), F. gigantica ESP (50, 100, 250, or 500
pg/ml), rFhCatL69Y (5, 10, 15 or 20 pg/ml) and rFhCatL5 (5, 10, 15 or 20 ug/ml) were incubaied
with or without E64 with sheep efferent lymph (gated for lymphocytes) for Shr. The grey shaded area
represents CD4 expression on sheep cells in the presence of media, the brown, green, blue and red
overlays represent increasing concentrations of [ hepatica ESP, F. giganiica ESP, rFhCatL69Y and
rFhCatL5 respectively after a 5 hr incubation. The inserted graphs represent CD4 expression on the
identical population of sheep cells incubated with the same concentrations of antigen in the presence
of E64 (10 uM). Data in each plot represent a minimum of 20,000 events for tymphocytes stained
with mouse anti-sheep CD4 and FITC anti-mouse immunoglobulin. Histograms show the fluorescent

intensity (X-axis) versus cell number (Y-axis). M1 represents the region for the MFI values displayed
in Table 4.5a. Similar results were obtained in three separate experiments.
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Sample Events Gated % Gated  Mean Fluorescent
‘ Intensity

Media I hr 10982 54.0 289
F. hepatica ESP 50 pg/ml 11307 56.3 296.2
F. hepatica ESP 100 pg/ml 11019 55.2 141.4
F. hepatica ESP 200 pg/ml 11014 55.9 29.6
F. hepatica ESP 250 pg/ml 10657 53.4 18.7
F. hepatica ESP 50 pg/ml + E64 10924 542 2952
F. hepatica ESP 100 pg/ml +E64 10905 54.7 277.1
F. hepatica ESP 200 pg/ml + E64 11885 59.8 3239
F. hepatica ESP 250 pg/ml + E64 11968 59.1 326.5
F. gigantica ESP 50 pg/ml 11448 57.8 299.1
F. gigantica ESP 100 pg/ml 11257 56.5 320.1
F. gigantica ESP 250 pg/ml 11266 56.4 2304
F. gigantica ESP 500 pg/ml 12656 63.2 53.8
F. gigantica ESP 50 pg/m| + E64 10895 542 3194
F. gigantica ESP 100 pg/ml +E64 11237 56.5 266.6
F. gigantica ESP 250 pg/ml + E64 10433 527 325.1
F. gigantica ESP 500 pg/m! + E64 11203 59.6 220.7
recFhCatL5 S pg/ml 11316 57.4 310.1
recFhCatL5 10 pg/ml 11652 58.9 302.5
recFhCatlL5 15 pg/ml 2454 12.5 69.8
recFhCatL5 20 pg/ml 1128 5.6 10.3
recFhCatL$5 S pg/ml+ E64 10617 53.6 2635.7
recFhCatL5 10 pg/ml + E64 11678 58.2 274.7
recFhCatlL5 15 pg/ml + E64 11880 59.9 281.3
recFhCatL5 20 pg/ml + E64 9560 55.0 236.5
recFhCatL69Y 5 pg/ml 11215 56.2 305.2
recFhCatL69Y 10 pg/ml 10502 52.5 23.1
recFhCatL69Y 15 pg/ml 5104 25.9 12.6
recFhCatL69Y 20 pg/ml 2020 10.1 10.4
recFhCatL69Y 5 pg/ml + E64 10209 514 2499
recFhCatL69Y 10 pug/ml + E64 10634 53.6 256.1
recFhCatL69Y 15 pg/ml + E64 11273 56.0 291.0
recFhCatL69Y 20 pg/ml + E64 11606 58.2 308.7

Table 4.5a: CD4 expression levels on sheep efferent lymphocytes after exposure to
Fasciola sp. ESP and recombinant F. hepaiica cathepsin Ls, with or without E64 for 5 hr.
Data were collected from the experiment shown in Fig 4.5a. MFI values were measured
on the events within the M1 regicn shown in Fig 4.5a. Similar results were obtained in

three separate experiments.




belongs to group 1 which prefers a phenylalanine at P; and rFhCatL69Y belongs to group 2
which prefers a proline at P, (Smooker ef al. 2000). Due to this difference in substrate specificity
both these enzymes were analysed for their effect on CD4 expression levels since it was feasible
that substrate specificity at the P2 position could affect activity against CD4. Efferent
lvmphocytes were incubated with rFhCatL5 (5, 10, 15 and 20 pg/ml) and rFhCatL69Y (5, 10, 15
and 20 pg/ml). 20 pg/mi of enzymatically active protein for either rFhCatL protease, resuited in
total down regulation / cleavage of CD4 from the surface of efferent T lymphocytes (Fig 4.5a).
The addition of E64 to either of the active recombinant proteases at any of the forementioned
concentrations investigated resulted in normal expression levels of CD4 on efferent T

lymphocytes (Fig 4.5a, Table 4.5a).

Afferent lymph was incubated with F. hepatica ESP (250 pg/ml) or F. gigantica ESP (500
pg/ml) with and without E64 and stained for CD4, CD8 or CD1b expression (Fig 4.5b, ¢, d). The
down regulation of CD4 and CD8 on dendritic cells and afferent lymphocytes in the presence of
either Fasciola sp. ESP after 5 hr was blocked in the presence of E64 (10 puM) (Fig 4.5b,c and
Table 4.5b,¢). The up-regulation of CD1b on dendritic cells by Fasciola ESP after 5§ hr was also
blocked in the presence of E64 (Fig 4.5d, Table 4.5d). It should be noted the positive control

shift in CD1b expression was generally small making conclusions difficult.

This is the first demonstration that Fasciola sp. ESP cysteine proteases have a direct effect on
CD4, CD8 and CDIb expression on sheep immune cells. Cysteine protease activity, within
Fasciola sp. ESP, down regulates CD4 and CD8 expression and up regulates CD1b expression
on sheep immune cells. It was also shown that two recombinant F. hepatica cathepsin Ls could
down regulate CD4 expression on sheep efferent lymphocytes, substantiating that it is the

cysteine proteases within ESP that are most likely responsible for the down regulation activity.

4.2.5 Effect of Fasciola sp ESP on Expression of CD3 and CD4 on Human T cells and CD4

on Bovine T cells

Fasciola parasites infect a range of mammalian hosts and it is therefore of interest to determine

whether the effect of Fasciola cysteine proteases on CD4 expression levels was specific for
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Fig 4.5b: The effect of E64 on the down regulation of CD4 on sheep immune cells after exposure to
Fasciola ESP. F. hepatica ESP (250 ug/ml) and F. gigantica ESP (500 ug/ml) were incubated with or
without E64 with sheep afferent lymph {gated for dendnitic cells or lymphocytes) for Shr. The grey
shaded area represents CD4 expression on sheep cells in the presence of media, I hepatica or F.
gigantica ESP after a 5 hr incubation while the black overlay shows CD4 expression on the identical
population of sheep cells incubated for the same incubation in the presence of E64 (10 uM). Data in
each plot represent a minimum of 2,500 events for dendritic cells and a minimum of 20,000 events for
lymphocytes stained with mouse anti-sheep CD4 and FITT anti-mouse immunoglobulin. Histograms
show the fluorescent intensity (X-axis) versus cell number (Y-axis). M1 represents the region for the
MFIvalues displayed in Table 4.5b. Similar results were obtained in three separate experiments.
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Sample Events Gated % Gated Mean Fluorescent
Intensity
Afferent Lymph — Dendritic Cells
Media 4968 50.0 1703
Media + E64 4395 43.2 170.7
F. hepatica ESP 250 pg/ml 1578 14.7 74.6
F. hepatica ESP 250 pg/ml + E64 4275 50.2 229.8
F. gigantica ESP 500 pg/ml 1538 14.4 72.3
F. gigantica ESP 500 pg/ml + E64 4720 50.0 170.3
Afferent Lymph — Lymphocytes
Media 83884 58.7 1354
Media + E64 75340 56.9 166.1
F. hepatica ESP 250 pug/ml 73378 53.8 28.3
F. hepatica ESP 250 ug/ml + E64 80200 60.6 106.8
F. gigantica ESP 500 pg/ml 43919 31.9 20.3
F. gigantica ESP 500 pg/ml + E64 82151 62.3 145.5

Table 4.5b: CD4 expression levels on sheep immune cells exposed to Fasciola sp. ESP
with or without E64 for 5 hr. Data were collected from the experiment shown in Fig 4.5b.
MFI values were measured on the events within the M1 region shown in Fig 4.5b.

Similar resuits were obtained in three separate experiments,
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Fig 4.5¢: The effect of EG4 on the down regulation of CD8 on sheep immune cells after exposure to
Fasciola ESP. F. hepatica ESP (250 ug/ml) and F. gigantica ESP (500 pg/ml) were incubated with and ;
without E64 with sheep afferent lymph (gated for dendritic cells or lymphocytes) for Shr. The grey
shaded area represents CD8 expression on sheep cells in the presence of media, X hepatica or F
gigantica ESP after a 5 hr incubation while the black overlay shows CD8 expression on the identical
population of sheep cells incubated for the same incubation in the presence of E64 (10 uM). Data in
each plot represent 2 minimum of 2,500 events for dendritic cells and a minimum of 20,000 events for
lymphocytes stained with mouse anti-sheep CD8 and FITC anti-mouse immunoglobulin. Histograms
show the fluorescent intensity (X-axis) versus cell number (Y-axis). M1 represents the region for the
MFI values displayed in Table 4.5¢. Similar results were obtained in three separate experiments.




Sample Events Gated % Gated Mean Fluorescent
Intensity

Afferent Lymph ~ Dendritic Cells

T R R R M AR R R ISP B wae tet

hedia 1697 17.3 1056.5
Midia + E64 1304 13.8 - 981.2
F. hepatica ESP 250 pg/mi 435 4.5 490.9
F. hepatica ESP 250 pg/ml + E64 1591 18.0 809.0
F. gigantica ESP 500 pug/ml 424 4.4 660.1
F. gigantica ESP 500 pg/ml + E64 1582 15.4 951.7
Afferent Lymph — Lymphocytes
Media 16860 12.5 889.8
Media + E64 16017 12.5 780.4
F. hepatica ESP 250 ng/ml 15568 11.4 3943
F. hepaiica ESP 250 pg/ml + E64 15907 12.6 658.4 | %
F. gigantica ESP 500 pg/ml 16283 115 431.9
F. gigantica ESP 500 pg/ml + E64 17150 12.4 774.8
Table 4.5¢: CD8 expression levels on sheep immune cells exposed to Fasciola sp. ESP
with or without E64 for 5 hr. Data were collected from the experiment shown in Fig 4.5c.
MFTI values were measured on the events within the M1 region shown in Fig 4.5¢c. Similar
results were obtained in three separate experiments.
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Fig4.5d: The effect of EG4 on the up regulation of CD 1b on sheep immune cells after exposure to Fasciola
ESP. I hepatica ESP (250 pg/ml) and F, gigantica ESP (500 ug/ml) were incubated with and without E64
with sheep afferent lymph (gated for dendritic cells) 5 hr. The grey shaded area represents CD1b
expression on dendritic celis in the presence of . hepatica or E. gigantica ESP after a 5 hrincubation while
the black overlay shows CD1b expression on the identical population of sheep cellsincubated for the same
incubation in the presence of E64 (10 tM). The blue overlay represents CD1b expression on the identical
cells population incubated in media alone. Data in each plot represent a minimum of 2,500 events for
dendritic cells stained with mouse anti-sheep CD1b and FITC anti-mouse immunoglobulin. Histograms
show the fluorescent intensity (X-axis) versus cefl number (Y-axis). M1 represents the region for the MFI
values displayed in Table 4.5d. Similar results were obtained in three separate experiments.
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Sample Events Gated % Gated Mean Fluorescent
' Intensity
Afferent Lymph — Dendritic Cells
Media 2112 22.1 204.5
Media + E64 739 7.4 174.8
F. hepatica ESP 250 pg/ml 4709 47.9 250.7
F. hepatica ESP 250 ug/ml + E64 2310 24.2 203.7
F. gigantica ESP 500 pg/ml 6768 64.5 279.8
F. gigantica ESP 500 pg/mi + E64 4314 40.6 211.7

Table 4.5d: CD1b expression levels on sheep immune cells exposed to Fasciola sp. ESP
with or without E64 for 5 hr. Data were collected from the experiment shown in Fig 4.5d.
MFI values were measured on the events within the M1 region shown in Fig 4.5d.
Similar results were obtained in three separate experiments.
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sheep T cells or whether a similar effect of these proteases would be observed with T ceils from
other hosts. For this purpose, the effect of Fasciola sp. ESP and recombinant F. hepatica
cathepsin Ls on CD4 expression on human T lymphocytes was examined. CD3 expression on
human lymphocytes in the presence of Fasciola sp. ESP was also investigated, since CD4, in
association with the CD3:TCR complex is required for T cell activation and subsequent
proliferation (Janeway 1989, Janeway and Bottomly 1994). Experiments with ovine CD3 were
not possible since, when these experiments were performed, there was no anti-ovine CD3
antibody available. Three different sources of human and bovine purified blood lymphocytes

were examined in these studies.
Human T celis

(a) CD3

Human T lymphocytes were isolated from blood collected from volunteers and purified as
described in Chapter 2.4. The effect of incubation of F. hepatica ESP (250 ug/ml) and F.
gigantica ESP (400 pg/ml) on CD3 expression levels on human T lymphocytes was examined
during a 5 hr incubation. Fasciola sp. ESP showed no effect on CD3 expression (Fig 4.6b). This
would suggest that even though CD3 and CD4 are both necessary for T cell activation, Fasciola
ESP is selective for the CD4 surface marker.

(b) CD4

We used two different monoclonal antibodies specific for human CD4 which recognise different
epitopes on the extracellular portion of CD4. The commercial antibody (T114) recognises
epitope/s in domain 1 (D1) whereas the OKT4 antibody recognises epitope/s in domain 4 (D4).
CD4 has four extra-cellular domains, with D4 being the closest to the membrane and D1 being
the furthest away. F. hepatica ESP (50, 100 and 200 pg/mil) and F. giganfica ESP (100, 250
and 400 pg/ml) were incubated with 5 x 10° cells / well for 5 hrs (Fig 4.6a). The commercially
available antibody (T114) and the OKT4 antibody recognised similar percentages of CD4
positive expressing cells (38 and 40 % respectively). Both antibodies revealed a down regulation
of CD4 on human T lymphocytes following exposure to either Fasciola sp. ESP. As the

concentration of Fasciola ESP increased the level of expression of CD4 on human lymphocytes
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256
256

10°

F. hepatica ESP F. gigantica ESP

Fig 4.6a: The effect of Fasciola ESP on the expression of CD4 on human lymphocytes. & hepatica
ESP (50, 100, or 200 pug/ml) and F gigantica ESP (50, 250 or 400 pg/ml) were incubated for 5 hours
with human PBMCs (gated for lymphocytes). The grey shaded area represents CD4 expression on
human lymphocytes in the presence of media while the brown, green and blue overlays represent the
effects on CD4 expression of increasing concentrations of /. hepatica ESP and F gigantica ESP
respectively after 5 hr. Data in each plot represent a minimum of 20,000 events for lymphocytes
stained with either PE mouse anti-human CD4 (T114) or mouse-anti human CD4 (OKT4) and PE
anti mouse immunoglobulin. Histograms show the fluorescent intensity (X{-axis) versus cell number
(Y-axis). Similar results were obtained in two separate experiments.
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Fig 4.6b: The effect of Fasciola ESP on the expression of CD3 on human lymphocytes. I hepatica
ESP (250 pg/ml) and K gigantica ESP (400 ug/mi) were incubated for 5 hours with human PBMCs
(gated for lymphocytes). The grey shaded area represents CD3 expression on human lymphocytes in
the presence of media while the green and blue overlays represent the effects of £ hepatica ESP and F.
gigantica ESP respectively after 5 hr. Data in each plot represent a minimum of 20,000 events for
lymphocytes stained with PE mouse anti-human CD3. Histograms show the fluorescent intensity (X-
axis) versus cell number (Y-axis). Similar results were obtained in two separate experiments.
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lymphocytes decreased (Fig 4.6a). Differing degrees of down regulation of CD4 expression
levels were observed when comparing the results obtained with the two antibodies. Since these
antibodies recognise different epiiopes on the extracellalar portion of CD4, these results suggest
that cathepsin L may have multiple cleavage sites on CD4, resulting in CD4 expression being
more markedly reduced when using the T114 available antibody that recognises epitopes on D1:
these epitope/s will be “removed” from cells when cathepsin L cleaves any of the 4 extracellular
domains of CD4 whereas D4 epitope/s recognized by OKT4 are only “removed” when cathepsin
L acts directly upon the D4 domain. Subsequent experiments described below use the
commercially available PE anti-CD4 antibody (T114) as it showed a greater decrease in the MFI
of CD4 positive lymphocytes.

CD4 expression, on human T lymphocytes, was examined after a 5 hr incubations with F.
hepatica ESP (250 pg/ml), rFhCatL5 (25 pg/ml), rFhCatL69Y (25 pg/ml) or F. gigantica ESP
(400 pg/ml) with and without E64 (10 uM, Fig 4.7). A reduction in CD4 expression was
observed on human lymphocytes in the presence of both Fasciola ESP and the two recombinant
F. hepatica cathepsin L proteases at the concentrations investigated (Fig 4.7). The addition of
E64 (10 uM) resulted in normal CD4 expression on human T lymphocytes (Fig 4.7, Table 4.6).
These results strongly suggest a role for Fasciola cysteine proteases in reducing CD4 expression

on human lymphocytes, as observed above with sheep lymphocytes.

Bovine T cells

CD4 expression on bovine T lymphocytes was examined after a 5 hr incubation in the presence
of F. hepatica ESP (100, 200 and 250 pg/ml) or F. gigantica ESP (50, 100, 200 and 400 mg/mi),
with and without E64 (10 nM, Fig 4.8). As the concentration of Fasciola sp. ESP increased the
level of expression of CD4 expressiou on bovine T cells was reduced (Table 4.7). The F.
hepatica ESP showed higher activity with bovine CD4 than that shown by F. gigantica ESP (Fig
4.8). This is consistently observed between experiments and also within the three hosts
examined (ovine, human and bovine). A preliminary experiment was performed and revealed
comparable amounts of E64 were required to suppress cysteine protease activity within F.

hepatica and F. gigantica (data not shown). Further work is therefore required to identify the
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Fig 4.7: The effect of E64 on the down regulation of CD4 by Fasciola ESP and recombinant /. hepatica
cathepsin Ls on human lymphocytes. Human PBMCs (gated for lymphocytes) were incubated with F
hepatica ESP (250 ug/ml), F. gigantica ESP (400 pg/ml), rFhCatL5 (25 pg/ml) or rFhCatL69Y (25 ug/ml)
with and without E64for § hours. The grey shaded area represents CD4 expression on human lymphocytesin
the presence of media, the brown overlay represents the effect of the antigens on CD4 expression while the
blue overlay shows CD4 expression on the identical population of human lymphocytes incubated under the
same conditions in the presence of E64 (10 uM) for 5 hr. Data in each plot represent a minimum of 20,000
events for lymphocytes stained with PE mouse anti-human CD4. Histograms show the fluorescent intensity
(X-axis) versus cell number (Y-axis). M1 represents the region for the MFI values displayed in Table 4.6.
Similar results were obtained in three separate experiments.
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Sample Events Gated % Gated Mean Fluorescent
Intensity

Media 10220 523 355.5

Media + E64 6458 52.9 353.1

F. hepatica ESP 250 ug/ml 1474 7.4 8.0

F. hepatica ESP 250 pig/ml + E64 5225 50.0 317.52

F. gigantica ESP 400 pg/ml 2838 159 8.0

F. gigantica ESP 400 pg/ml + E64 7694 509 277.1

recFhCatL5 250 pg/ml 4820 26.4 7.7
~recFhCatL5 250 pg/ml + E64 6817 52.6 162.2

recFhCatL69Y 250 pg/ml 6183 41.3 8.9

recFhCatL69Y 250 pg/ml + E64 4786, 48.8 315.5

Table 4.6: CD4 expression levels on human T lymphocytes after exposure to Fasciola
ESP or cathepsin L, with or without E64 for Shr. Data were collected from the
experiment shown in Fig 4.7. MFI values were measured on the events within the M1
region shown in Fig 4.7, Similar results were obtained in three separate experiments.
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Fig 4.8: The effect of E64 on the down regulation of CD4 by Fasciola ESP and recombinant F. hepatica
cathepsin Ls on bovine lymphocytes. Bovine PBMCs (gated for lymphocytes) were incubated with £
hepatica ESP (100, 200, or 250 pg/ml), I gigantica ESP (50, 100, 200, or 400 pg/ml) with and without
E64for 5 hours. For the histograms on the left hand side, the grey shaded area represents CD4 expression
on human lymphocytes in the presence of media, the brown, green, blue and red overlays represent the
effect of increasing concentrations of antigens on CD4 expression. While the graphs on the right hand
side show CD4 expression on the identical population of human lymphocytes incubated under the same
conditions in the presence of E64 (10 uM). Data in each plot represent a minimum of 20,000 events for
lymphocytes stained with PE mouse anti-bovine CD4. Histograms show the fluorescent intensity (X-
axis) versus cell number (*Y-axis). M1 represents the region for the MFI values displayed in Table 4.7.
Simiiar results were obtained inthree separate experiments,
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Sample “Events Gated % Gated Moean Fluorescent
‘ Intensity

Media 6744 19.5 1680.8
Media + E64 6966 17.9 1694.7
F. hepatica ESP 50 pg/mi 6753 19.0 1832.0
F. hepatica ESP 100 pg/ml 7318 20.3 880.13
F. hepatica ESP 200 pg/ml 6930 11.5 288.0

F. hepatica ESP 50 pg/ml + E64 7887 18.9 1641.5
F. hepatica ESP 100 pg/mi + E64 8024 21.0 1693.8
F. hepatica ESP 200 pg/mi + E64 8298 16.3 1529.0
F. gigantica ESP 50 pg/ml 7262 19.1 1682.7
F. gigantica ESP 100 pg/ml 7015 18.9 1754.4
F. gigantica ESP 250 pg/ml 7917 18.4 1531.1
F. gigantica ESP 500 pg/ml . 12423 21.2 803.7

F. gigantica ESP 50 pg/ml + E64 7402 15.8 1593.3
F. gigantica ESP 100 pg/ml + E64 8333 19.9 1619.9
F. gigantica ESP 250 ng/ml + E64 8848 18.6 1501.6
F. gigantica ESP 500 pg/ml + E64 9192 19.5 1090.6
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Table 4.7: CD4 expression levels on bovine blood T lymphocytes after exposure to
Fasciola ESP or cathepsin L with or without E64 for 5 hr. Data were collected from the
experiment shown in Fig 4.8. MF1 values were measured on the events within the M1
region shown in Fig 4.8. Similar results were obtained in three separate experiments.
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reason for this difference in CD4 down regulation. It may be that different cathepsin Ls are
expressed in the two Fasciola ESP with a more active cathepsin L for CD4 cleavage expressed
within F. hepatica ESP. The addition of E64 (10 pM) blocked the reduction in CD4 expression
on bovine T lymphocytes reduced by exposure to Fasciola sp. ESP (Fig 4.8, Table 4.7). These
preliminary findings imply that the cysteine protease activity within both Fasciola sp. ESP is

responsible for the down regulation of CD4 expression on bovine T lymphocytes.

This is the first demonstration of Fasciola cysteine proteases down regulating £ D4 expression

on human and bovine lymphocytes.

4.2.6 Cleavage of Recombinant Human CD4 by Recembinant F. hepatica Cathepsin Ls in

vitro

As discussed in the previous sections, cysteine protease activity within ES# of both Fasciola sp.
was responsible for the down regulation of CD4 from the surface «f ~heep, cattle and human
immune cells. These results were extended to show thst two recombinan: %, hepatica cathepsin L
proteases could also down regulate CD4 on the surface of sheep and human immune cells. In this
last section, we present preliminary findings on whesher F. hepatica cathepsin Ls are likely to

cleave recombinant human CD4 (rHuCD4).

rHuCD4 was incubated for different {iges up to 1.5 hr at 37°C with both rFhCatL5 and
tFhCatL69Y. These samples were then analysed on a silver staived 15% SDS PAGE gel (Fig
4.9). rtHuCD4 was totally broken down (reprosented by absence of observable bands) after 1.5 hr
incubation with either recombinant protease. From the cleavage patterns ob*ained after 10, 20
and 30 min incubaiions, the generation of muitiple bands is observed indicating cleavage is
occurring in more than one position within 1HuCD4. Further work using mass spectrometry or
N-terminal amino acid sequencing is required to precisely identify cleavage sites on tHuCDA4.
Overall, these results imply that cathepsin 1. does cleave the extrécellular portion of CD4 adding

further weight to the earlier suggestions that cathepsin L is cleaving CD4 from the cel: surface of

human T cells.
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E Fig 4.9: The cleavage of recombinant human CD4 (rHuCD4) by recombinant Cathepsin Ls
: over time.. tHuCD4 (4 pg/ml) was incubated at 37°C with 20 ng/m! of rFhCatL5 and
’ rFhCatL69Y for a set time. Reactions were stopped by the addition of reducing sample buffer
and were snap frozen on dry ice. These samples were then analysed on a silver stained 15% 5_
_- SDS PAGE gel. The individual lanes were rtHuCD4 (A); rHuCD4 + rFhCatL5, t=0 (B); ;
£ rHuCD4 + tFhCatL5, t=10min (C}); rtHuCD4 + rFhCatL5, t=20min (D); rtHuCD4 + rFhCatL5,
' t=30min (E); rtHuCD4 + rFkCatL5, t=1hr (F), rtHuCD4 + rFhCatL35, t=1.5 hr (G); rHuCD4+ *
rFhCatL69Y, t=0 (H), rtHuCD4 + rFhCatL69y, =10 min (I); tHuCD4 + rFhCatL69Y, t=20 min
(J); rHuCD4 + rFhCatL.69Y, t=30min (K); rHuCD4 + (FhCatL69Y, t=1 hr (L); rHuCD4 +
FhCatL69Y, t=1.5 hr (M). Thisresult is representative of two separate experiments.
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4.3 Discussion

In these studies we attempted to identify the mode of action for cathepsin L in suppressing
cellular proliferation by studying the interaction of Fasciola sp. ESP with a wide range of surface
markers on sheep cells. It was hypothesised that such interactions may be involved in initiating

suppression of cellular proliferation.

Two different sources of cells were employed using sheep with either an afferent or efferent
cannula draining from the preformal and prescapular lymph nodes, respectively. Afferent lymph,
migrating from the tissues into the local lymph node, contains lymphocytes and antigen-
processing accessory cells such as DCs. Efferent lymph which is draining out of the lymph node,
predominantly contains lymphocytes (>99%) (Table 4.2). Under physiological conditions, there
are profound differences between afferent and efferent lymph flow rates, cell content and
activation status of the cells (Haig, Hopkins & Miller 1999). One major difference is that efferent
lymphocytes do not have an activated phenotype, unlike afferent lymphocytes (Haig, Hopkins &
Miller 1999). So, the use of these cell populations created the potential for two different
lymphocyte populations to be examined along with other immune cells such as dendritic cells.

The cannulated sheep used in these studies were healthy, uninfected animals.

We examined 29 sheep cell surface markers for alterations in expression after 5 hr incubations
with Fasciola sp. ESP in vitro. Fasciola sp. ESP selectively altered CD4, CD8 and CD1b

expression on sheep immune cells.

Fasciola sp. ESP was shown to significantly down regulate the level of CD4 expression on sheep
dendritic cells and T lymphocytes in vifro. Experiments with fixed cells confirmed that CD4 was
most likely cleaved from the surface of sheep dendritic cells and T cells and that CD4 expression
could at least partially be restored once Fasciola sp. ESP was removed from the system. The
addition of E64 to the incubations with Fasciola sp. ESP ablated the suppressive effect on CD4
expression levels, implying that cysteine protease activity in Fasciola sp. ESP is responsible for
the forementioned effects. To extend these findings, two recombinant cathepsin L proteases that

show different substrate specificity (Smooker et al. 2000) were incubated with sheep T
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lymphocytes and, in hoth cases, CD4 expression was down-regulated. This effect was also
inhibited in the presence of E64. These results show that F. hepatica cathepsin L selectively
removes CD4 from the surface of sheep T lymphocytes.

It was also shown that Fasciola sp. ESP and F. hepatica cathepsin L down regulated CD4 from
the surface of human T cells and that Fasciola sp. ESP down regulated CD4 from the surface of
bovine T cells. These two results suggested that this effect of cathepsin L is not specific to ovine
CD4. Lastly the two recombinant proteases were shown to cleave rHuCD4 in vitro adding
further weight to the argument that Fasciola sp. cathepsin Ls cleave CD4 from the surface of

immune cells.

_ The effect of cathepsin L activity on CD8 was more complex. CD8, like CD4, was shown to be
down regulated on the surface of efferent lymphocytes after 5 hrs in the presence of either F.
hepatica or F. gigantica ESP. CD8 expression was however transiently upregulated between 1
and 3 hrs after the commencement of incubation with either Fasciola sp. ESP. This modulation
of CD8 may suggest that CD8 is up-regulated carly by other ESP components and the
subsequent down regulation of CD8 may be indicative of a delay in the cathepsin L activity in
this function. The stimulus for this early up regulation will be investigated in future experimenits
using recombinant cathepsin L and by the addition of E64 to a concusrent set of incubations as a
negative control. This would identify whether cathepsin L or ancther component of ESP was
involved in the up regulation of CD8. Experiments with fixed cells confirmed that CD8 was most
probably cleaved from the surface of afferent lymph T cells. The addition of E64 to the
incubations with Fasciola sp. ESP ablated the suppressive effect on CD8 expression levels on
sheep immune cells, implying that cysteine protease activity in Fasciola sp. ESP is responsible
for the forementioned effects. Future work will focus on recombinant cathepsin Ls and extending

this work to include human and bovine CD8" T cells.

We also showed that CD1b expression on the surface of sheep dendritic cells was upregulated
over time in the presence of either Fasciola sp. ESP in vitro. E64 inhibited the effect on CD1b
expression caused by either Fasciola sp. ESP, implying cysteine proteases are responsible for

this up regulation. CD1b is considered a marker for early activation (personal communication K.
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Walsh). ESP contains multiple constituents and some of these are likely to be inducing
activation. Due to the reversal of this activation in the presence of E64 it suggests cathepsin L
may be acting on dendritic cells in some way which then induces an activated state measurable
by increased CD1b expression. This may be the result of cathepsin L cleaving another surface
molecule which sends a signal into the cell for increased CD1b expression. Another possibility is
that as CD4 and CD8 are down regulated, CD1b is upregulated to provide an alternative antigen
presentation pathway. As expanded upon belew CD1b presented antigen interacts with TCR on
CD4'CD8" T cells. Future work will extend these findings of cysteine protease involvement in
the up regulation of CI¥1b, through the use of recombinant F. hepatica cathepsin Ls that we have

access to in our laboratory.

CD4 is a 65 kDa surface marker on T cells and current research suggests that CD4 acts as a co-
receptor along with the TCR: CD3 complex in antigenic recognition of MHC II (Janeway 1989,
Janeway and Bottomly 1994). This co-receptor function of CDD4 potentiates signalling by 10-100
fold, greatly reducing the density of ligand required for T cell activation (Marrack ef al. 1983,
Hampl, Chien & Davis 1997, Madrenas et al. 1997). The bivalent interaction of CD4 with the
TCR: CD3 complex has been shown to be necessary for T helper cell activation and
development (Janeway 1989, Janeway and Bottomly 1994). Considering the importance of CD4
in regulating host T cell activation it is possible that cathepsin L-induced cleavage of CD4 may
be one of the mechanisms utilised by Fasciola parasites in vivo to suppress lymphocyte
proliferation in sheep, contributing to evasion of the host’s immune system and establishment of
infection. Further studies are required to establish this, which could be tested in experiments
where animals are treated with a parasite specific cysteine protease inhibitor (currently not
available) during a Fasciola infection and determining whether this prevents the suppressive
effects seen in vivo, CD4 expression levels on sheep lymphocytes during infection, could also be
monitored by cannulation of these sheep. The fact that cleavage of CD4 by these fluke cathepsins
also occurs with human T cells suggests that this may be a general mechanism used by this
parasite to establish infection and further work will determine this by examining the effects of
cathepsin L on proliferation of human T cells. Infection of mice with F. hepatica has been shown
to suppress Thl like responses, to reverse the Thi response to the Bordetella pertussis vaccine

and to induce changes in cytokine profiles in spleen cells (Brady er al. 1999b, O’Neill et al.
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2000). Whether these effects of fluke ir.fection are linked to the down regulation of CD4 levels
on murine T cells is yet to be determined. Future work will focus on characterisation/
identification of the proposed site(s) of cleavage on human recombinant CD4 and determining
whether F. hepatica cathepsin L also affects CD4" T cells in other hosts such as rats. Ovine CD4
has recently been cloned in our laboratory and this will allow direct analysis of cathepsin L

activity using recombinant sheep CD4.

While this is the first example of a cysteine protease regulating ovine CD4 expression levels on
T cells, two metallo-proteases have been shown to exhibit similar effects on CD4 expression.
The major surface glycoprotein (gp63) from the protozoa Leishmania major and L. donovani was
also shown to selectively cleave CD4 from human T cells (Hey er al. 1994). Similarly, the
bacterial Legionella pneumophilia protease was shown to degrade IL-2 and cleave CD4 from

human T cells (Mintz et al. 1993). Both of these reports suggest that the cleavage of CD4 may be

the method utilised by both Leishmania sp. and Legionella sp. to impede T cell activation, -

resulting in disease progression.

CDS§ is expressed ecither as a homodimer of two a- chains on na :al killer (NK) cells or
intestinal T cells or as a heterodimer of a- and a (- chain on the surface of mature MHC class |
restricted T cells (Zamoyska 1994 and Zamoyska 1998). CD8, similarly to CD4, is a receptor for
MHC molecules. CD4 and CD8 bind to the constant domains of MHC Il and MHC I molecules
respectively (Cammarota er al. 1992, Konig, Huang & Germain 1992, Norment et al. 1988 and
Salter et al. 1990). It is thought that CD8 acts as a co-receptor with TCR for MHC 1 molecules,
resulting in an increase in the avidity of the interaction. It has subsequently been shown that co-
ligating CD8 to the TCR provides 2 more potent stimulus for T cell activation than simply
ligating TCR alone (Boyce ef al. 1988, Jonsson, Boyce & Eichmann 1989). CD8 co-receptor
involvement has also been shown to broaden the recognition of T cells to antigens and their
ability to respond to related antigens (Blok et al. 1992). Finally the CD8 B- chain has been
shown to enhance IL-2 production in response to stimulator cells (Wheeler, von Hoegen &
Parnes 1992). While CD8" cells have not yet been studied for their role in Fasciola infections,
cleavage of CD8 on cytotoxic T lymphocytes will suppress proliferation of an important

component of Thl defence strategies. This suppression may by one contributor to the
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polarisation towards 2 Th2 dominated immune response characteristic of F. hepatica infections.

Current theory proposes that Th2 responses are induced as part of F. hepatica’s evasion strategy.

To date there has only been one published report of a protease reducing CD8 expression on the
cell surface. The warble-fly, an endoparasite of cattle, secretes the serine protease hypodermin A
which has been shown to down regulate a range of surface markers on bovine cells including
CD$ (Moire ef al. 1997). While this protease does not appear to be specific for only a few
markers it is interesting to note that hypodermin A has also been shown to suppress proliferation
of bovine lymphocytes activated by different mitogens (Chabaudie & Boulard 1992, Nicolas-
Gaulard, Moire & Boulard 1995). These results have led to the hypothesis that cleavage of the
surface markers investigaied may be one of the mechanisms the parasite utilises to suppress

lymphocyte proliferation (Moire ef al. 1997).

In summary CD4 and CD8$ participate in: lymphocyte adhesion to antigen presenting cells
involving MHC 1I and I products respectively, lymphocyte activation through interactions with
TCR-CD3 complex, and modulation of late events during lymphocyte activation {Weiss &
Imboden 1987). The results presented in this section show that Fasciola parasites affect the
expression of both CD4 and CD8, which play important roles in T lymphocyte activation. This
selective modulation of these two markers is likely to play a key role in Fasciola sp. evasion

strategies during infection.

The cluster of differentiation 1 (CD1) cell surface glycoproteins have a domain organisation
similar to that of MHC Class I molecules and consist of a heterodimer on an o chain (43-49 kDa)
associated with 2 microglobulin (Calabi et al. 1991, Porcelli 1995). The number of CD1 genes
expressed varies between hosts with five genes in Humans (CD1A, CDI1B, CDI1C, CDI1D and
CDIE), two in mouse, eight in rabbit (Porcelli 1995) and seven in sheep. (Ferguson et al. 1996,
Hopkins, Dutia & Rhind 2000). CD1 genes have been separated based on sequence analysis of
the leader, a1, and a2 domains into group I CD1 genes comprising of human CD1A, CD1B and
CDIC genes and group II CD1 genes consisting of CD1D genes (Ferguson et al. 1996,
Naidenko, Koezuka & Kronenberg 2000). To date, humans express 4 CD1 proteins (CDla,
CDIb, CDlc and CD1d) on specialised antigen-presenting cells, including dendritic cells
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(Porcelli & Modlin 1999), in a wide variety of lymphoid and non lymphoid tissue (Jackman et al,
1998). More specifically group I protein products CDla, CD1b and CDle molecules are
expressed by professichal antigen presenting cells such as Langerhans cells, dermal and
lymphoid dendritic cells, cytokine activated monocytes and cortical thymocytes (Small er al.
1987, Amiot er al. 1988, Cattoretti ef al. 1989, Porcelli ef al. 1992). Human CDId is expressed
by epithelial cells and at low levels on cortical thymocytes (Blumberg, Terhost & Bleicher 1991,
Canchis ef al. 1993).

Unlike rodents which only express group II genes, but similar to humans and cattle, sheep
express genes belonging to both groups (Rhind Hopkins & Grant 2000). Current literature shows
sheep express four CD1B like genes and one CDID like gene (Ferguson ef al. 1996, Rhind,
Hopkins & Dutia 1999). The CD1b molecule has a unique role in the immune system in its
ability to present non-peptide antigen to T cells. Specifically, CD1b displays micrebial lipid and
glycolipid antigens on the antigen presenting cells surface (Moody ef al. 1997, Jullien er al.
1997) allowing for specific responses of subpopulations of TCR (T cell receptor) ap*'CD4 CD§"
T cells or CD4CD8" T cells (Beckman er ol. 1994, 1996). These responses have been
hypothesised to include: secretion of pro inflammatory lymphokines, killing of infected cells and

aiding in antibody production by specific B cells (reviewed in De Libero ez al. 2001).

One published link between CD1 expression and parasitic disease relates to Trypanosoma
infection in a susceptible sheep breed. There was an increase in B cells during a Trypanosoma
evansi infection as evidenced by an increase in the CD1" surface marker (Onah, Hopkins &
Luckins 1999). Interestingly CD4 and CD8 were both down regulated following infection. This
is similar to our in vitro results with Fasciola ESP and may alude to a phenomenon common to

several parasites.

There have been no reported cases of a parasitic protease affecting CD1b or any CD1 protein
expression levels. Due to this our results showing an apparent increase in CD1b levels on
afferent lymph dendritic cells following exposure to Fasciola ESP are unique. This up regulation
of CD1b was prevented by the addition of E64, suggesting cathepsin L activity being involved.

The parasite may induce up-regulation of CD1b expression as a “smoke screen” effect to protect
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itself from a more effective defensive pathway. Alternatively CD1b up regulation may be an
immune response mounted following recognition of the shed glycocalyx of the parasite which is
rich in glycolipids. However, no functional consequence to this phenotype has yet been ascribed

and remains for future determination.

As discussed in Chapter 3, at least seven cathepsin L isoenzymes have been identified on SDS
PAGE gels or by cDNA cloning (Wijffels ef al. 1994a; Tort et al. 1999; Smooker et al. 2000).
Analysis of cDNA sequences for cathepsin L identifies 3 clades and these can be separated into
at least two functional groups based on their substrate specificity at the P, position (Smooker ef
al. 2001). rFhCatl.5 belongs to group 1 which prefers a phenylalanine at P; and rFhCatL69Y
belongs to group 2 which prefers a proline at P;. The results presented here suggest that down
regulation of CD4 may be characteristic of enzymes from at least two of the clades. Further work
is neéded to confirm a role for all cathepsin L isoenzymes in regulating CD4 expression on sheep
T cells. This could involve fractionation of ESP to prepare different cathepsin L isoenzymes and
testing their activity on CD4, CD8 and CD1b.

The effect of cathepsin L on six murine surface markers (CD4, CD8, B220, CD3¢, CDl11a and
CD28) has since been investigated (Personal communication Baz and Law 2002). Cathepsin L
was shown to reduce CD4 and CD8 expression on murine lymphocytes. B220 and CD28 were
only partially affected while no effect on CD3¢ and Cdlla were observed. These results are
similar to those we observed on sheep immune cells and add further evidence for the selective

down regulation of CD4 and CD8 on the surface of immune cells.

The importance of cathepsin L isoenzymes in liver fluke biology has been demonstrated in
vaccine trials in ruminants. Cathepsin L molecules have shown efficacy as vaccines in cattle,
sheep and rats (Wijffels et al. 1994b, Dalton ef al. 1996b, Piacenza ef al. 1999, Mulcahy ef al.
1998, Mulcahy et al. 1999b, Kofta et al. 2000, reviewed in Spithill er al. 1999). Protection in
cattle with cathepsin L vaccines against a challenge infection has varied from 38-69%. The
greatest protection (72%) was observed for a combination vaccine which included the fluke
derived antigens cathepsin L2 and fluke haemoglobin (Dalton e al. 1996b, Mulcahy ef al. 1998).

Protection in cattle appears to correlate with induction of IgG2 antibodies to cathepsin L
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(Mulcahy ef al. 1998). These results suggest that IgG2 antibodies against cathepsin L induce
partial protection but the mechanism of protection is unknown. Anti-cathepsin L antibodies have
been shown to neutralise cathepsin L activity in vifro, which prevents antibody- mediated
attachment of eosinophils to the parasite (Smith et al. 1994). Cathepsin L has also been shown to
cleave the Fc region of human IgG at specific points (Berasain ef al. 2000) and a role for
cathepsin L in blocking antibody- dependent cell mediated killing of F. hepatica is feasible
since, in rats, killing of juvenile F. hepatica in vitro has been shown to be mediated by antibodies
and macrophages (Piedrafita et. al. 2001). Exposure of mice to cathepsin L has recently been
shown to suppress IFN-y expression and this is proposed to prevent a Th-1 like response
(O’Neill, Mills & Dalton 2001). Future work will involve analysing the effect of vaccine-
induced anti-cathepsin L antibodies or treatment with E64, on the down regulation of CD4 levels

on sheep T cells to confirm that CD4 is actually cleaved in vivo.
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CHAPTER 5: FREE RADICALS AND DEFENCE ENZYMES

5.1 Introduction

Two main classes of free radicals are reactive oxygen intermediates (ROI) and reactive nitrogen
intermediates (RN1). Free radical generation by host immune cells is one of the important
defence mechanisms against invading parasites. In some circumstances, free radicals have been
i\ plicated in parasite evasion, where the stimulation of nitric oxide (NO) by host cells enables
parasite establishment (Haswell-Elkins er al. 1994, Saeji ef al. 2002).

Circumstantial evidence suggests free radicals may be involved in the elimination of juvenile F.
hepatica parasites from the host. In work by Smith, Ovington and Boray (1992), free radical
production levels in response to F. hepatica were compared between the resistant rat and the
susceptible mouse hosts. The authors showed significantly higher free radical production
(measured by a chemiluminescence assay) from rat leukocytes when compared to mice
leskocytes. It was furither shown that upon secondary infection with F. hepatica, rats produced
even larger quantities of free radicals and this was not observed in mice. However this is only
circumstantial evidence but does support a potential role for free radicals in parasite elimination
in resistant hosts. This is supported by other in vitro work showing that cell-mediated
cytotoxicity oy rat peritoneal lavage cells (PLCs) towards F. hepatica NEJ is dependent on both
the production of NO by rat PLCs and the addition of immune sera (Piedrafita ef al. 2001).

In work by Cervi and colleagues (1998) NO levels produced by LPS-stimulated peritoneal cells
decreased in the first two weeks post F. hepatica infection in rats, From these results it was
proposcd that F. hepatica NE] may have evolved mechanisms to down regulate the NO
production by rat PLCs. One method used by Fasciola sp. to modulate host immr;ue responses is
through the production of excretory / secretory products (ESP). Adult F. hepatica ESP caused a
reduction in NO production by LPS-stimulated rat peritoneal cells in vifro (Cervi, Rossi & Masih
1999). This reduction in NO production by activated rat peritoneal cells was partially attributed
to GST, one of the constituents of F. hepatica ESP (Cervi, Rossi & Masih 1999). Interestingly

76




inhibition of GST increased the susceptibility of F. hepatica NEJ to NO production by LPS-
stimulated rat PLCs (Piedrafita et al. 2000).

Laboratory experiments have shown both the ability and inability of F. Aepatica and F. gigantica
respectively, to establish within the rat host during a primary infection {Mango, Mango, Esamel
1972, Ttagaki ef al. 1994, Piedrafita et al. 2000). We hypothesised that the ability to modulate
NO preduction by the rat host could play an important role in resistance to Fasciola infection.
We further hypothesised that molecules within Fasciola ESP would in part mediate this

modulation.

As discussed in Chapter 1.4 parasites release a range of molecules to detoxify free radicals such
as anti-oxidant defence (AOD) enzymes. AOD enzymes catalyse the detoxification of ROI and
RNI into less harmful products. We hypothesised that the difference in susceptibility of Fasciola
sp. to host responses is related to the expressed levels of AOD enzymes. F. hepatica has been
shown to excrete or produce the following AOD enzymes: glutathione S-transferase {(Howell,
Board & Boray 1988, Wijffels ef al. 1992), superoxide dismutase (Piacenza et al. 1998, Sanchez-
Moreno et al. 1987), glutathione peroxidase (Brophy, Crowley & Barrett 1990, Piedrafita ef al.
2000), peroxiredoxin (Barrett 1980, McGonigle, Curley & Dalton 1997), thioredoxin peroxidase
(Salazar-Caideron er al. 2000) and cytochrome c peroxidase (Campos ef al. 1999). While not as
well studied, F. gigantica has been shown to excrete or produce GST and be capable of
detoxifying ROI, suggesting the presence of other AOD enzymes (El-Ghaysh er al. 1999,
Estuningsih ef al. 1997).

This Chapter firstly compares the ability of adult ESP from F. hepatica and F. gigantica to alter
NO production by Fasciola-naive rat periioneal lavage cells (PLCs) in vitro and investigates the
active components released by both parasites. The second section of this Chapter compares the
relative levels of AOD enzymes expressed by NEJ and adult parasites of both F. hepatica and F.

giganfica.

77




5.2 Results

Nitrite levels in culture supernatants of rat peritoneal lavage cells (PLCs) were measured by a
standard Greiss reaction (Green et al. 1982). Nitrite levels were used as an indicator of NO
production from PLCs (Hibbs er al. 1988, Ignarro ef al. 1993). In addition, monomethyl L-
arginine (L-NMMA) was included in some incubations as a competitive inhibiter of nitric oxide
synthase (Hibbs er al. 1988). Wistar Rat PLCs were chosen as the cell source as they are rich in
monocytes/macrophages (60-70%, Piedrafita ef al. 2001} and these cells are known to produce
N,

5.2.1 The effeci of a Dose Response of Fasciola sp. ESP on NO production by rat PLCs

Increasing amounts of either adult Fasciola sp. ESP (0.0025 - 15 pg/mi)in the presence of LPS-
stimulated rat PLCs did not significantly inhibit or stimulate NO production (as measured by
nitrite levels) when compared with rat PLCs in the presence of LPS alone (Fig 5.1, 5.2). These
findings are in contrast with a previously published experiment which showed adult F. hepatica
ESP caused a reduction in NO production by LPS-activated rat peritoneal cells (Cervi, Rossi &

Masih 1999). This will be examined in the discussion.

The effect of Fasciola ESP on resting rat PLCs has not yet been reported. in our experimental
system both adult F. hepatica and F. gigantica ESP were capable of stimulating NO production
in the presence of resting rat PLCs, This was inhibited by the addition of L-NMMA, a specific
inhibitor of nitric oxide synthase (Fig 5.1, 5.2). Rat PLCs appear to have a threshold for NO
production. This proposal is based firstly on the absence of additional NO production by LPS-
activated rat PLCs in the presence of increasing concentrations of adult Fasciola ESP. Secondly,
NO production by resting rat PLCs in the presence of increasing concentrations of Fasciola ESP
also reaches a maximum, which in this series of experiments, was around 30-40 uM. Maximal
levels of NO production by rat PLCs varied between experiments and this is likely to reflect a
difference between each individual outbred rat. To minimise these differences, Wistar rats of a
certain weight and age were used for all experiments. This is the first report of ESP from either

adult Fasciola parasite being capable of stimulating NO production by resting rat PLCs. Due to
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Fig 5.1 NO produced by Fasciola-naive rat PLCs in the presence of F. hepatica ESP. Rat
PLCs were stimulated with increasing concentrations of F. hepatica ESP with and
without LPS and or L-NMMA. The dashed and the dash-dot lines show the amount of
NO produced by Rat PLCs with LPS alone (27.3 + 11.5 uM) and L-NMMA alone (3.2 +
2.5 uM) respectively. Values represent the means + SD of triplicate wells. The results
shown are representative of two separate experiments performed. Significant differences
(P<0.01} for PLCs with F. hepatica ESP, compared to PLCs with L-NMMA alone, were
caiculated using the Dunnett Multiple Comparisons test. Significant differences were
observed for PLCs incubated with 0.1 pg/ml and greater conentrations of F. hepatica
ESP. Significant differences, calculated using the Dunnett Multiple Comparisons test,

were not observed for PLCs with LPS alone compared with PLCs with . hepatica ESP
and LPS.
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Fig 5.2 NO produced by Fasciola-naive rat PLCs in the presence of F. gigantica ESP.
Rat PLCs were stimulated with increasing concentrations of F. gigantica ESP with and
without LPE and or L-NMMA. The dashed and ihe dash-dot lines show the amount of
NO produced by Rat PLCs with LPS alone (30.6 + 7.0 uM) and L-NMMA alone (8.6 +
1.2 uM) respectively. Values represent the means + SD of triplicate wells. The results
shown are representative of two separate experiments performed. Significant differences :
{(P<0.01) for PLCs with F. gigentica ESP, compared to PLCs with L-NMMA alone, were ;
calculated using the Dunnett vialtipie Comparisons test. Significant differences were ﬁ
observed for PLCs incubated with 0.1 ug/mi and greater concentrations of F. gigantica
ESP. Significant differences, calculated using the Dunnett Multiple Comparisons test, j
were not observed for PLCs with LPS alone compared with PLCs with F. gigantica ESP
and LPS.




this observed stimulation of NO production the remainder of this section will attempt to elucidate

the NO stimulatory molecules within adult Fasciola sp. ESP.

5.2.2 Identification of NO Stimulatory Molecules withie Adult Fasciola sp. ESP

To identify the biological class of the NO stimulatory molecules, Fasciola sp. ESP underwent
treatment with either periodate or proteinase K. Periodate oxidation will denature carbohydrates
present within ESP while proteinase K is a serine protease that degrades native and denatured

proteins.

Fasciola sp. ESP were treated on the same day using the identical reagents with either periodate
or proteinase K as described in section 2.3.5 of the Materials and Methods Chapter. Following
treatment, periodate was removed by dialysis and proteinase K activity was blocked by addition
of PMSF (see Chapter 2.3.5). To ascertain the effectiveness of both treatments, untreated
Fasciola sp. ESP and ESP treated by either method were analysed on a 12% SDS PAGE gel
stained with silver periodic acid (Fig 5.3). The silver periodic acid staining technique vall detect
carbohydrate groups as well as proteins (Dubray & Bezard 1982). F. hepatica and F. gigantica
ESP showed similar patterns with F. gigantica ESP appearing to contain more material below 28
kDa. Proteinase K treatment of F. hepatica ESP decreased ESP components at approximately 45
~ 66 kDa, while there were no obvious effects of periodate treatment on F. hepatica ESP (Fig
5.3). In the case of F. gigantica ESP, both proteinase K and sodium periodate treatment
decreased material at approximately 45 kiDa. Periodate treatment also considerably decreased
material less than 28 kDa in F. gigantica ESP (Fig 5.3). These treatments were deemed
successful due to the degradation of proteins and carbohydrates within F. gigantica ESP. These

treated Fasciola sp. ESP were used in subsequent experiments.

The periodate treated F. hepatica ESP stimulated significantly lower levels of NO (about 80%
lower) by resting rat PLCs than that observed with native F. hepatica ESP (Fig 5.4). As
periodate is a glycol cleavage reagent (Kennedy 1988), the less of activity observed for treated
F. hepatica ESP suggested that the active molecules may be carbohydrate moieties. This result
also confirms that the periodate treatment was successful, even though there was no observable

change in the periodate-treated F. hepatica ESP profile on the 12% SDS PAGE gel (Fig 5.3).
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Fig 5.3 Silver periodic acid stained 12% SDS PAGE gzl analysing treated Fasciola sp.
ESP. K hepatica and F. gigantica ESP were incubated with either 0.01M periodate (p) for
2 hr or 60 pg/ml proteinase K (pk) for 30 min at RT. These treated samples (30 p!) were
fractionated on SDS PAGE gels and stained with silver periodic acid. The migration of the
standards is shown on the right. The #,*, and + mark the location of protein bands present
in the native ESP but absent following cne of the treatment methods. The results presented
are representative of two separate experiments.
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Fig 5.4 NO produced by Fasciola-naive rat PLCs in the presence of periodate treated F.
hepatica ESP (pF. hepatica ESP). Rat PLCs were stimulated with increasing
concentrations of pF. hepatica ESP with and without L-NMMA. The dashed and the
dash-dot lines show the amount of NQ produced by Rat PLCs with 15 mg/mi of usitreated
F. hepatica ESP (39.9 + 2.4 uM) and PLCs alone (4.9 + 0.5 uM) respectively. Values
represent the means + SD of triplicate wells. The results shown are representative of two
separate experiments performed. Significant differences (P<0.01) for PLCs with pF.
hepatica ESP, compared to PLCs alone, were calculated using the Dunnett Multiple
Comparisons test. A significant difference was observed, for PLCs incubated with 15
pg/ml of pF. hepatica ESP.




When F. hepatica ESP was treated with proteinase K, the NO-stimulatory effect was reduced by
approximately 50% compared to 15 pg/ml of untreated F. hepatica ESP (Fig 5.5). The level of
NO production from rat PLCs in the presence of F. hepatica ESP previously treated with 15
pg/m) of proteinase K was significantly greater than that produced by resting rat PLCs alone (Fig
5.5). Proteinase K cleaves peptide bonds within proteins (Corbalan-Garcia er al. 1994). By
diminishing the activity of F. hepatica ESP by approximately 50% and combined with data
showing that periodate treatment reduces NO production by 80%, these results suggest that the
active molecules within F. heparica ESP are likely to be both glycoproteins and carbohydrates.
The addition of L-NMMA to these incubations eliminated NO production suggesting the

induction of NO was dependent on nitric oxide synthase.

In contrast to the results with F. hepatica ESP, F. gigantica ESP continued to stimulate NO
production by rat PLCs after treatment with either periodate or proteinase K (Fig 5.6, 5.7).
Significantly greater levels of NO were produced by rat PLCs incubated with 2.5 and 15 pg/ml
of either treated F. gigantica ESP, compared to that for resting rat PLCs alone (Fig 5.6, 5.7).
Interestingly, levels of NO produced by 15 pg/ml of either treated F. gigantica ESP were
comparable to those produced by rat PLCs in the presence of 15 pg/ml untreated F. gigantica
ESP, suggesting both treatments had no effect on NO stimulatory molecules. These results imply
that the predominant active components within F. giganfica ESP do not belong to either the
protein or carbohydrate classes. This was not expected as the main classes of molecules found
within ESP were expected to be from the protein or carbohydrate class. The active molecule/s
may belong to the lipid biological clazs. The other possibilities are that the active molecules have
folded structures or are protected in some way, that the carbohydrate residues are resistant to
periodate making them resistant to these two treatment methods or that there is a large excess of
carbohydrates within ESP.

The next step in identifying the active molecules within Fasciola sp. ESP was to determine their
sizz through the use of gel filtration chromatography. Fasciola sp. ESP components were
fractionated by molecular sieving on a Superose 6 column, which has a t .. :d separation range of
molecular components (5 — 5000 kDa). The individual Fasciola sp. ESP fractions were analysed

for NO stimulatory ability on resting rat PLCs. For both F. hepatica and F. gigantica the NO
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Fig 5.5 NO produced by Fasciola-naive rat PLCs in the presence of proteinase K treated
F. hepatica ESP (pkF. hepatica ESP). Rat PLCs were stimulated with increasing
concentrations of pkF. hepatica ESP with and without L-NMMA. The dashed and the
dash-dot lines show the amount of NO produced by Rat PLCs with 15 mg/ml of untreated
F. hepatica ESP (60.5 + 0.5 uM) and PLCs alone (9.8 + 2.1 pM) respeciively. Values
represent the means + SD of triplicate wells. The results shown are representative of two
separate experiments performed. Significant differences (P<0.01) for PLCs with pkF.
hepatica ESP, compared to PLCs alone, were calculated using the Dunnett Multiple
Comparisons test. A significant difference was observed, for PLCs incubated with 15

pg/ml of pkF. hepatica ESP.
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Fig 5.6 NO produced by Fasciola-naive rat PLCs in the presence of periodate treated F.
gigantica ESP (pF. gigantica ESP). Rat PLCs were stimulated with increasing
concentrations of pF. gigantica ESP with and without L-NMMA. The dashed and the
dash-dot lines show the amount of NO produced by Rat PLCs with 15 img/m! of untreated
F. gigantica ESP (60.9 + 1.8 uM) and PLCs alone (9.9 + 1.1 pM) respectively. Values
represent the means + SD of triplicate wells. The resuits shown are representative of two
separate experiments performed. Significant differences (P<0.01) for PLCs with pF.
gigantica ESP, compared to PLCs alone, were calculated using the Dunnett Multiple
Comparisons test. Significant differences were observed, for PLCs incubated with 2.5

and 15 pg/mi of pF. gigantica ESP.
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Fig 5.10 NO produced by Fasciola-naive rat PLCs in the presence of F. hepatica ESP
fractions collected from a Superose 12 (S12) column. Rat PLCs were stimulated with S12
F. hepatica ESP fractions with and without L-NMMA. The dashed and the dash-dot lines
show the amount of NO produced by Rat PLCs with 15 mg/ml of untreated F. hepatica
ESP (76.5 + 1.7 pM) and PLCs alone (0.35 + 0.4 uM) respectively. Values represent the
means + SD of triplicate wells. The results shown are representative of two separate
experiments performed. Sigmficant differences (P<0.01) for PLCs with S12 F. hepatica
ESP fractions, compared to PLCs alone, were calculated using the Dunnett Multiple
Comparisons test. Significant differences were observed, for PL.Cs incubated with S12 F.
hepatica ESP fractions 16-17.
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Fig 5.11 NO produced by Fasciola-naive rat PLCs in the presence of F. gigantica ESP
fractions collected from a Superose 12 (S12) column. Rat PLCs were stimulated with S12
F. gigantica ESP fractions with and without L-NMMA. The dashed and the dash-dot
lines show the amount of NO produced by Rat PLCs with 15 mg/ml of untreated F.
gigantica ESP (60.4 + 2.1 pM) and PLCs alone (9.4 + 0.5 uM) respectively. Values
represent the means + SD of triplicate wells. The results shown are representative of two
separate experiments performed. Significant differences (P<0.01) for PLCs with S12 F.
gigantica ESP fractions, compared to PLCs alone, were calculated using the Dunnett
Muitiple Comparisons test. Significant differences were observed, for PLCs incubated
with 812 F. gigantica ESP fractions 15-21 and 28. |
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Fig 5.12 Silver periodic acid stained 7.5% SDS PAGE gel analysing gel filtration fractions
of Fasciola sp. ESP. F. hepatica and F. gigantica ESP were fractionated on a Superose 12
(S12) column. These fractions (30 ul) were fractionated on 7.5% SDS PAGE gels and

stained with silver periodic acid. The migration of the standards is shown cn the right. The
results presented are representaiive of two separate experiments.




by the methods used. The results suggest that different molecules were employed by the two,
adult Fasciola sp. to stimulate NO production by resting Rat PLCs in vitro.

5.2.3 Anti-Cxidant Defence Enzyme Levels in Fasciola Whole Worm Extracts

To counterattack free radicals, which are involved in the host’s arsenal of defence mechanisms,
parasites have evolved a range of AOD enzymes to protect themselves. The next series of
experiments compared the levels of AOD enzymes within adult and NEJ F. hepatica and F.
gigantica whole worm extract (WWE). We hypothesised that, since F. gigantica is more
susceptible to both the rat and sheep defence system, this 7. asiie would not be capable of
producing the range and quantity of defence enzymes produced by F. hepatica. Adult F.
hepatica WWE »\‘zere prepared from parasites collected from the bovine host and snap frozen.
Adult F. gigantica WWE were prepared from parasites collected from the ovine host and snap
frozen. These WWEs were used to detect the levels of glutathione S-transferase (GST),
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) and catalase in adult F. heparica
and F. gigantica WWE.

The optimised protocols are displayed in Chapter 2.10. GST, GSH-Px and SOD levels were
measured in adult F. hepatica and F. gigantica (Table 5.1). From these experiments adult F.
hepatica WWE had significantly higher levels (P<0.001) of both GST and GSH-Px compared to
adult F. gigantica WWE. Similar SOD levels were measured in both Fasciola sp WWE.
Catalase was unable to be detected in either Fasciola sp. WWE. Catalase activity has not
previously been detected in F. hepatica WWE (Prichard & Schofield 1971, Sanchez-Moreno et
al. 1987, Piedrafita er al. 2000). The data presented here agree with these reports and also
provide preliminary evidence for undetectable expression of catalase activity in F. giganfica
WWE. Overall these results imply, that from our samples there is significantly greater expression
of the glutathione dependent AOD enzymes, GST and GSH-Px, within adult F. hepatica WWE

compared with adult F. gigantica WWE while SOD expression levels are similar.
The next experiments compared AOD enzyme levels in F. hepatica NEJ and F. gigantica NEJ.

To assure that meaningful comparisons could be obtained WWESs were prepared from 5000 NEJ

of F. hepatica and F. gigantica excysted on the same day and used immediately. In addition,
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Enzyme Activity Adult Fasciola Parasite
F. hepatica F. gigantica
SOD 43 +9 43 + 8
GST 9165 + 1247 2924 + 616
GSH-Px 535439 294 + 8
CAT nd nd

nd — ot det=ctable.

Tabie 5.1 AOD enzyme activities in whole worm extract (WWE) from adult Fasciola sp.
WWEs were prepared from adult F. hepatica parasites collected from 3 different bovine
hosts and adult F. gigantica parasites collected from three different ovine hosts. Values
represent the mean enzyme activity + SD from 3 experiments. Significant differences
(P<0.001) for AOD enzyme activities between adult F. hepatica and F. gigantica WWE
were calculated using the unpaired alternate t-test. Significantly higher levels of GST and
GSH-Px were present in adult F. hepatica WWE compared to adult F. gigantica WWE.
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each AOD znzyme assay was performied under the identical conditions on the same day. Only
GST, GSH-Px and SOD activity levels were measured since Piedrafita er al. (2000) had shown
undetectable catalase activity in F. hepatica NEJ (Table 5.2). Both GST and SOD enzymes,
assayed in dvinlicate, were detected. GST expression levels were not significantly different
between the two parasites. SOD expression levels were greater with F. hepatica NEJ] WWE
compared 1o F. giganiica NEJ WWE. Statistics could not be performed on the two Fasciola sp.
NEJ measurements. However these values were representative of WWE prepared from 5000
NEIJ of each species. Multiple experiments were limited due to the difficulty and associated costs

in obtaining these large quantities of NEJ.

GSH-Px was not detected in single sample analyses of either NEJ Fasciola WWE. This was
possibly due to the limited amount of sample available. Previous reports have detected GSH-Px
in NEJ F. hepatica WWE (Piedrafita er al. 2000, Callahan er al. 1988). Future experiments
therefore are still needed to address whether there is a difference in GSH-Px levels between
Fasciola sp. NE).

Overall, our results showed comparable levels of SOD and significantly greater levels of GST
and GSH-Px in adult F. hepatica WWE compared to adult F. gigantica WWE. In NEJ SOD
expression was greater in F. hepatica NEJ WWE compared to F. gigantica NEJ] WWE, while
both Fasciola sp. NEJ WWE expressed comparable levels of GST. These results suggest a

potential for . heparica 1o mount a more effective response against free radical attack by host

immune cells.
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|
Enzyme Activity NEJ Fasciola Parasite ;J
F hepatica F. gigantica
SOD a4 33 1

46 32

GST 486 512

503 491

GSH-Px nd nd
CAT : na na ?

SOD ~ Superoxide dismutase; GST — Gluthatione S-transferase; GSH-Px — Glutathione Peroxidase; CAT — g
Catalase. 3
1 unit of superoxide dismutase activity is defined as that amount of enzyme required to inhibit the rate of ?
reduction of cytochrome ¢ by 50%,

The specific activity of glutathione S-transferase was defined as the amount of CDNB conjugated per min
per mg protein,

1 unit of glutathione peroxidase activity is defined as that amount of enzyme necessary to oxidase 1 mmol
of reduced glutathoine in § min.

I unit of catalase activity is defined as that amount of enzyme necessary to decompose 50% of 20mM H,0,
in 1 min.

Specific activities of GSH-Px and GST arte expressed as nmol min™' mg™! protein. Sod activity was
expressed as U mg™' protein.

NEJ - newly excysted juvenile liver fluke; nd — not detectable; na — not assayed.

Table 5.2 AOD enzyme activities in whole worm extract (WWE) from Fasciola sp. NEJ.
WWEs were prepared from 5000 F. hepatica and F. gigantica NEJ parasites excysted

overnight.. Values represent the enzyme activity from two determinations.
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Fig 5.7 NO produced by Fasciola-naive rat PLCs in the presence of proteinase K treated
F. gigantica ESP (pkF. gigantica ESP). Rat PLCs were stimulated with increasing
concentrations of pkF. gigantica ESP with and without L-NMMA. The dashed and the
dash-dot lines show the amount of NO produced by Rat PLCs with 15 mg/m! of untreated
F. gigantica ESP (67.8 + 0.3 pM) and PLCs alone (17.9 + 0.3 uM) respectively. Values
represent the means + SD of triplicate wells. The results shown are representative of two
separate experiments performed. Significant differences (P<0.01) for PLCs with pkF.
gigantica ESP, compared to PLCs alone, were calcuiated using the Dunnett Multiple
Comparisons test. Significant differences were observed, for PLCs incubated with 0.25,
2.5 and 15 pg/ml of pkF. gigantica ESP.
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stimulatory ability appeared to be predominantly localised in the early eluted fractions (Fig 5.8,
5.9). Significant differences compared to resting PLCs alone were observed for rat PLCs in the
presence of F. hepatica and F. gigantica fractions 17-19 and 16-29 respectively (Fig 5.8 and
5.9). These fractions contain high molecular weight ESP components. In addition, F. gigantica
fractions 37-42 also showed significantly greater NO production compared to resting rat PLCs
alone (Fig 5.9). This suggests that there are at least two active components of NO-stimulatory

molecules within F. gigantica ESP.

Due to the observed high molecular weight nature of the NO-stimulatory molecules, Fasciola sp.
ESP were fractionated using gel filtration chromatography on a Superose 12 (S12) column which
has a condensed optimal separation range, potentially yielding greater separation for the NO
stimulatory molecules (1 — 300 kDa). The individual Fasciola sp. ESP fractions from the S12
column were also analysed for their effect on NO stimulatory ability. Significant differences
compared to resting rat PLCs alone were observed in NO production from rat PLCs incubated
with F. hepatica and F. gigantica S12 fractions 16-17 and 15-21 & 28 respectively (Fig 5.10,
5.11). These results again point to high molecular components being responsible for this
mechanism. They also confirmed the likelihood of at least two NO stimulatory molecules within

F. gigantica ESP based on consistently observing the two peak profile.

These Fasciola sp. ESP-stimulatory fractions, collected from the S12 column were analysed on a
7.5% SDS PAGE gel to visualise the size of these components. The NO-stimulatory fractions

from the S12 column, for both Fasciola sp. ESP, contained molecular weight components greater
than 200kDa (Fig 5.12).

Based on the observed size of the active components on 7.5 % SDS PAGE gels of Fasciola sp.
ESP separated by gel filtration chromatography and the affect of either periodate or proteinase K
treatment of Fasciola sp. ESP the following conclusions were drawn. Molecule/s within F.
hepatica ESP capable of stimulating resting rat PLCs to produce NO appear to be high molecular
weight glycoproteins and carbohydrates. In contrast, there were at least two molecules within F.
gigantica ESP capable of stimulating resting rat PLCs to produce NO and these appear to be high

molecular weight components resistant to either periodate oxidation or proteinase K degradation
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Fig 5.8 NO produced by Fasciola-naive rat PLCs in the presence of F. hepatica ESP
fractions collected from a Superose 6 (S6) column. Rat PLCs were stimulated with S6 F.
hepatica ESP fractions with and without L-NMMA. The dashed and the dash-dot lines
show the amount of NO produced by Rat PLCs with 15 mg/ml of untreated F. hepatica
ESP (53.8 + 2.0 pM) and PLCs alone (6.9 + 0.3 uM) respectively. Values represent the
means + SD of triplicate wells. The results shown are representative of two separate
experiments performed. Significant differences (P<0.01) for PLCs with S6 F. hepatica
ESP fractions, compared to PLCs alone, were calculated using the Dunnett Multiple

Comparisons test. Significant differences were observed, for PLCs incubated with S6 F.
hepatica ESP fractions 16-17.
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Fig 5.9 NO produced by Fasciola-naive rat PLCs in the presence of F. gigantica ESP
fractions collected from a Superose 6 (86) column. Rat PLCs were stimulated with S6 F.
gigantica ESP fractions with and without L-NMMA. The dashed and the dash-dot lines
show the amount of NO produced by Rat PLCs with 15 mg/mi of untreated F. giganrica
ESP (65.9 + 3.5 uM) and PLCs alone (13.8 + 1.6 uM) respectively. Values represent the
means + SD of triplicate wells. The results shown are representative of two separate
experiments performed. Significant differences (P<0.01) for PLCs with S6 F. gigantica
ESP fractions, compared to PLCs alone, were calculated using the Dunnett Multiple
Comparisons test. Significant differences were observed, for PLCs incubated with 56 F.
gigantica ESP fractions 16-29, and 37-42.
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5.3 Discussion

In this study we firstly examined the influence of adult Fasciola sp. ESP on NO production from
both activated and resting rat PLCs. There was no observed effect, with either adult Fasciola sp.
ESP, on NO production levels by LPS-activated rat PLCs. However, incubation of either adult
Fasciola sp. ESP with resting Rat PLCs stimulated NO production. Further investigation of adult
ESP revealed the active component(s) within F. hepatica ESP was sensitive to periodate
oxidation and partially sensitive io proteinase K treatment, whereas the active components within
F. gigantica ESP were insensitive to either treatment. Untreated ESP was fractiorated utilizing
gel filtration chromatography. The NO stimulatory fractions contained high molecular weight
components. Collectively, these results suggest that the active components within F. hepatica
ESP are high molecular weight proteins, glycoproteins or carbohydrates whereas within F.
gigantica ESP the hiéh molecular weight components are resistant to periodate and proteinase K

treatment,

Our original hypothesis was that F. gigantica parasites, unlike F. hepatica parasites, are unable
to inhibit NO production by activated rat PL.Cs. We investigated whether this could play a role in
the high resistance of the rat host to primary infection by F. gigantica. This was based on the
observation of Cervi et al. (1998) that F. hepatica ESP inhibits NO production. Whilst we did
not observe adult F. gigantica ESP inhibiting the NO burst by activated rat PLCs, we also did
not observe this for aduit F. hepatica ESP. The obtained results for adult F. hepatica ESP do
differ with previously published work showing a reduction in NO production by LPS activated
rat PLCs in the presence of adult F. hepatica ESP, collected from fluke recovered from bovine
livers (Cervi, Rossi and Masih 1999). The work by Cervi and colleagues observed suppression of
NO production by LPS stimulated rat PLCs at higher concentrations (20 and 30 pg/ml) of F.
hepatica ESP than we presented in this section (maximum of 15 pg/ml). When using 20-30

ug/ml of ESP we observed a decrease in NO production by LPS activated rat PLCs but also a
decrease in cell viability which Cervi, Rossi and Masih (1999) did not observe. A reduction in
cell viability will lead to reduced levels of NO production. Therefore, our results do not show a

difference between the two adult parasites in suppressing NO production by activated rat PLCs

under conditions where viability is high.

84

P




From experiments examining F. gigantica establishment within the rat host, it appears that F.
gigantica are killed not long afier infecting the rat (Mango, Mango & Esamel 1972, itagaki ef al.
1994). In contrast F, hepatica show greater resistance to the early attack by rat immune cells in
naive rats. F. hepatica NEJ have been previously shown to be relatively resistant in vitro to free
radicals from LPS-stimulated rat cells or chemically generated free radicals when compared with
Schistosoma mansoni schistosomula (Piedrafita ef al. 2000). One possibility is that a component
within F. hepatica NEJ ESP is interacting with the immune system, but that this component is
absent within F. gigantica NEJ ESP. Adult Fasciola sp. ESP was used in our NO experiments
due to the ease of collecting large quantities for the experiments. NEJ and adult ESP do share
some common antigens (Sandeman & Howell 1981, McGinty er al. 1993}, with the *»~ught being
that NO-suppressive molecules within NEJ ESP may also be present in adul -+, While a
molecule that suppresses NO production in rat cells was not observed, a novel NO-stimulatory
pathway was identified for adult Fasciola parasites. Piedrafita ef al. (2001) showed that living
NEJ release molecules that also stimulate NO and ROI production by rat PLCs. Future work will
focus on comparing the effects of both Fasciola sp. NEI ESP on NO production by activated rat

PLCs or PLCs from other ruminant hosts.

Interestingly, we observed that different molecules within each of the Fasciola sp. ESP were able
to stimulate NO production from resting rat PLCs in vifro. Due to both the size of the active
component in ESP and the difficulty in inhibiting the activity of these molecules using standard
techniques, the molecules were not identified, nor their structure established. Future work would
focus on alternative treatments for cleaving carbohydrates such as N-, O- glycosidases and lipid

moieties with the aim of identifying the NO stimulatory molecules in Fasciola sp. ESP.

There are a couple of published reports of a parasite stimulating NO production to aid in parasite
survival. Trypanoplasma borreli parasites have been shown to stimulate host immune phagocytic
cells to produce NO (Saeji er al. 2002). NO production was shown to be detrimental to the
cyprinid fish, by inhibiting the proliferative response of blood and spleen cells. The authors
propose that by inducing NO, 7. borreli may be able to evade host immune mechanisms leading

to longevity of infection (Saeji ef al. 2002). The second report is for the human liver fluke
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Opisthorchis viverrini which is also associated with excess nitric oxide generation with the
authors suggesting these excessive levels are associated with the development of cancer of the
biliary tract in humans (Haswell-Eikins er al. 1994). NO production is not thought to be
detrimental to the parasite as O. viverrini is considered to have a long life span. The same group
in subsequent papers proposes that NO aids in supplying O. viverrini with serum nutrients in the
hepatic bile ducts by stimulating vasodilation of the biliary epithelium (Sithithaworn ef al. 1994,
Satarug et al. 1998).

Whether NO production favours the adult Fasciola parasite by breaking down tissue within the
liver and/o7 bile ducts, aiding in the establishment and/or sustenance of the parasite, is unknown.
The toxicity of NO with other co-factors is limited by: its short half life (3-50 sec); the need to be
in close contact with the pathogen (Liew & Cox 1991, Brophy & Pritchard 1992); and the large
quantities (>50 uM)needed to kill F. hepatica NEJ (Piedrafita et al. 2000, 2001). Based on these
findings, cells surrounding the adult Fasciola parasite may not be able to produce enough NO to
cause harm to the parasite and therefore NO production might aid adult Fasciola parasites by

damaging the bile duct lining.

Our second working hypothesis was that F. gigantica mount a less effective defence against host
free radical attack, through production of lower levels of AOD enzymes and that this would lead
to increased susceptibility of F. gigantica to free radical attack. Our preliminary results
supported this hypothesis. The results showed significantly higher activities of GST and GSH-Px
within adult F. hepatica compared to adult F. gigantica. Higher levels of SOD activities were
present in F. hepatica NEJ] WWE compared to F. gigantica NE] WWE. In addition, higher
levels of GST were observed in adult parasites compared with NEJ parasites. Catalase activity
was not detectable in adult F. hepatica nor F, gigantica; other groups have also not detected
catalase in Fasciola parasites (Prichard and Schofield 1971, Piedrafita e al. 2000). In recent
work by our laboratory it has been shown that F. gigantica NEJ are more susceptible to
chemically generated ROI, ROI from sheep PLCs and NO than F. hepatica NEJ (Piedrafita et al.
2002 - submitted). This susceptibility of F. gigantica to killing by sheep PLCs was reversed
when SOD was added, suggesting that the active component responsible for killing is ROI. This
supports the hypothesis that F. gigantica is sensitive to free radical attack due to lower SOD
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expression in F. gigantica NEJ compared with F. hepatica NEJ. The production of lower levels
of AOD enzymes may be one of a number of factors contributing to the greater susceptibility of

F. gigantica to host attack.

GST activities in several parasites appear to be higher when recovered from susceptible hosts
compared to parasites from resistant hosts (Miller, Howell & Boray 1993, Brophy ef al. 1995).
The adult F. hepatica WWE were prepared from flukes collected from a resistant host (cattle)
and the adult F. gigantica WWE were prepared from flukes collected from a resistant host (ITT
sheep). Even though both hosts display resistance to the respective parasite, in future it would be
beneficial to compare AOD enzyme activity levels between adult F. hepatica and adult F.
gigantica WWE recovered from the same host. Thus although our results are likely to be
indicative of a pheﬁomenon of lower expression levels of GST and GSH-Px 1n F. gigantica

compared with F. hepatica this hypothesis needs further evaluation.

The observation of higher GST enzyme activities for adult parasites compared to NEJ for both
Fasciola parasites were expected. A previous report showed that as F. hepatica matured, the
activity of GST increased (Piedrafita ef al. 2000). Also, during the development of S. mansoni
there is an increased resistance to killing by RO, in a cell free system that corresponds with an
increase in the activity of several AOD erzymes (Nare, Smith & Prichard 1990). There was a
change in profile of AOD enzyme activities between the parasites as they develop to adulthood
with higher levels of GST and GSH-Px in adult F. hepatica compared with adult F. gigantica:
higher levels of SOD were observed in NEJ F. hepatica relative to F. gigantica. This may be one
of the contributing reasons for the greater resistance of F. hepatica to immune attack by host
cells. Piedrafita and colleagues (2000) showed that NEJ F. hepatica are more susceptible to free
radical killing in vitro after treatment with inhibitors of glutathione metabolism and peroxidases.
Whether these enzymes play an important role in the resistance to oxidative killing by the host in
vivo has yet to be determined. This could be addressed by in vivo experiments treating animals

with selective inhibitors of parasite GST or SOD. Currently there are no such inhibitors on the

market.
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CHAPTER 6. GENERAL DISCUSSION

The original aim of this thesis was to identify both evasion strategies utilised by Fasciola sp.
parasites and / or possible biochemical differences between F. gigantica and F. hepatica, which
could contribute to the variance in host susceptibility to infection with #. hepatica and F.

gigantica observed between these species. We set out to test four hypotheses:

1. that F. gigantica parasites are unable to inhibit nitric oxide (NO) production by phagocytes
resulting in the high resistance of the rat host to F. gigantica;

2. that parasite antioxidant AOD enzymes are important determinants of the resistance of F.
hepatica to antibody dependent cellular cytotoxicity (ADCC);

3. that F. hepatica has an enhanced capacity relative to F. gigantica to suppress host cellular
proliferation responses in vivo and in vitro and that this contributes to the infectivity of F.
hepatica; and

4. the corollary was that this suppression would involve an interaction of Fasciola sp. ESP with

specific host immune effector cell surface markers.

Accordingly, this thesis has evaluated the ability of Fasciola sp. ESP to influence the defense
pathways involving NO production, compared the levels of AOD enzymes in F. hepatica and F.

gigantica and investigated in detail the factors in ESP involved in immunosuppression.

The host’s immune response generated after parasitic infection is a decisive factor in whether the
parasite will be eliminated or will survive. In many cases the host is able to induce the
appropriate effector mechanism and destroy the parasite (Abbas ef al. 1996). This response may
consist of both innate and acquired defence mechanisms. These responses are connected due to
their co-dependency on one another in their immunological functions as discussed in Chapter
1.4, The toxic effect of free radicals released by monocytes / macrophages or chemically
generated towards parasites in vitro and in vivo has been well studied. Free radicals have been
shown to play a role in the host response against a range of protozoan and helminth parasites
including Trypanosoma cruzi, Toxoplasma gondii, Leishmania sp., Plasmodium sp., Dirofilaria

immitis, Nippostronglyus brasiliensis, Trichinella spiralis and Schistosoma mansoni (cited in
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Smith 1989). These toxic effects of free radicals were in some instances only observed after the
inhibition of parasite AOD enzymes, suggesting the crucial role of AOD enzymes in the

parasites’ survival.

In published work by Piedrafita and colleagues (2000) NEJ F. hepatica parasites were shown to
be less susceptible to NO-mediated damage than the juvenile stage of S. mansoni. In contrast F.
gigantica are highly susceptible to NO (personal communication with Dr David Piedrafita). This
may explain why F. gigantica has a poor survival rate within the rat as rat PLCs produce high
quantities of NO (Smith, Ovington & Boray 1992, Piedrafita er al. 2001). Our original
hypothesis for this body of work was that F. gigantica when compared to F. hepatica parasites
would be ineffective at down regulating NO production by rat immune cells. Considering this, it
was of interest when we identified molecules released by adult F. hepatica and F. gigantica ESP
which actuaily stimulated NO production by resting rat PLCs. The NO-stimulatory components
within aduit F. hepatica ESP were high molecular weight glycoproteins and carbohydrates and,
within adult F. gigantica ESP were high molecular weight components resistant to periodate and
proteinase K treatment. These molecules stimulated NO production without the presence of
normal iNOS stimulators like LPS or cytokines, suggesting the complete identification of these
fluke molecules will add additional classes to these known INOS stimulators. Furthermore the

identification of these molecules may allow the elucidation of their stimulatory mechanism.

It is evident that NO plays many roles besides being toxic to invading pathogens (reviewed in
Chapter 1.4) and that alternative explanations for the stimulation of NO production by Fasciola
ESP need to be made. Precedents exist for the ability of trematode parasites to stimulate NO
production during infection. The human parasite, Opisthorchis viverrini, is associated with
increased levels of nitric oxide production by host cells during infection (Haswell-Elkins et al.
1994). NO is not thought to cause any detrimental effects to the parasite. The same group has
published work suggesting that this production of NO is associated with the increased risk of
cancer of the biliary tract through the nitrosation of amines, resulting in the formation of N-
nitroso compounds like N-nitrosodimethylamine (Haswell-Elkins ef al. 1994). In addition NO
levels were implicated in the suppression of mitogen-induced lymphocyte proliferation in vitro,

which is similar to observations during infection with Malaria and Trypanosomes (Satarug et o/.
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1998). Whether the elevated levels of NO produced by PLCs stimulated with adult F. hepatica
ESP in vitro can be associated with the specific suppression of rat cellular proliferation observed
late in infection is not yet known. What is of interest to this current Fasciola work is the
suggestion that NO aids in supplying 0. viverrini with serum nutrients in the hepatic bile ducts
by coercing vasodilation of the biliayy epithelium (Sithithaworn ef al. 1994 and Satarug ef al.
1998). The fish parasite Trypanoplasma borelli, was shown to induce NO production by cyprinid
fish cells (Saeji et al. 2002). The NQ production was shown to cause detrimental effects to the
fish, leading the authors to propose that NO production favoured the parasite and not the host.
Following on from these experimenta] findings, we propose one function of induction of NO by
adult F. hepatica parasites in vifro, may efude to a role for NO in aiding the establishment of the
adult parasite within the liver parenchyma of rats and in supplying the parasite with nutrients.

Protective immunity within the rat is proposed to be induced as the parasite migrates through
either the peritoneal cavity or the liver of the rat (van Milligen, Cornelissen & Bokhout 1998a,
2000). It would be of interest to examine whether NEJ ESP also stimulates NO production by rat
PLCs. Piedrafita and colleagues (2003) have shown that rat PLCs incubated with F. hepatica
NEJ also produce NO and ROL suggesting that F. hepatica NEJ ESP also stimulates NO
production. The collection of NEJ ESP from both Fasciola sp. would allow for further
experiments to be conducted to compare the ability of NEJ ESP from the Fasciola sp. to
modulate free radical production. If both Fasciola sp. NEJ stimulate NO and NO is shown to be
involved in the resistance of rats to F. gigantica infections it may suggest the presence of an
opposing unknown factor within F. giganfica NEJ which reduces the parasites resistance to NO.
Circumstantial evidence has pointed to a NO role when F. gigantica NEJ were shown to be
highly susceptible to NO cytotoXicity in vifro when compared to F. hepatica NEJ (personal

communication with Dr Piedrafita).

Work in our laboratory has shown that F. gigantica NEJ are more susceptible to chemical or
sheep PLC generated ROI than F. hepatica NEJ (Piedrafita ef al. 2002). This lead to another
hypothesis to be explored in this thesis, whether F. gigantica when compared with F. hepatica,
would express lower levels of AOD enzymes, thereby making the parasite more susceptible to

host free radical attack. This appears to be true with F. gigantica NEJ expressing lower levels of
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SOD. In recent work, F. gigantica NEJ were able to survive antibody-dependent cell cytotoxicity
(ADCC) in the presence of sheep PLCs only when exogenous SOD was added to the in vitro
culture incubations (Piedrafita ef al. 2002 submitted). This mechanism of ADCC was ineffective
against F. hepatica NEJ. This may suggest that F. hepatica produces sufficient quantities of
SOD to evade attack by ROI and that F. gigantica is deficient in this AOD enzyme. This is
consistent with our preliminary findings of lower SOD expression in F. gigantica NEJ compared
with F. hepatica NEJ. Whether this is one of the factors for the relative resistance of rats and

sheep to F. gigantica infections is yet to be proved.

We also showed that adult F. gigantica expressed lower levels of both GST and GSH-Px when
compared to defence enzyme expression from the same life stage of F. hepatica. The higher
levels of GSH-dependent AOD enzymes within adult F. hepatica compared with adult F.
gigantica was interesting. In work by Miller, Howell & Boray (1993) it was shown that F.
hepatica produced different quantities of GST depending on the host from which the parasites
were isolated. Within resistant hosts F. hepatica produced lower levels of GST whereas in
susceptible hosts F. hepatica produced higher quantities of GST. Whether this implies that GST
is an important part of F. hepatica’s evasion strategies and that a resistant host is able to suppress
this production of GST has yet to be determined. It does, however, suggest that future
comparison of defence enzyme levels between adult F. hepatica and F. gigantica should be
made from parasites recovered from the same host and preferentially of the same age as it has

also been shown that GST levels increase as the parasite ages.

In the relatively resistant cattle host, an early-induced proliferation of mononuclear cells is
observed in response to F. hepatica somatic antigen (Oldham 1985, Oldham & Williams 1985).
There are suggestions that resistance in the cattle host is not completely immunologically
determined (Boray 1969; Doy and Hughes 1984; Hughes 1987). However, the results of Oldham
and Williams (1985) may suggest that the capability of host lymphocytes to respond to fluke

antigens may be one of the defence arms needed in the elimination of Fasciola parasites.

Our third hypothesis was that F. gigantica, unlike F. hepatica, would not be able to suppress

lymphocyte proliferation at key times post infection. We showed however that infections with F.
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gigantica, like F. hepatica infections, are also capable of suppressing mitogen-induced Merino
sheep cellular proliferation, thereby suggestiﬁg repression of the sheep immune system.
Suppression occurred at 3 and 9-10 weeks post infection corresponding with proposed crucial
times in the parasite’s life cycle where a dampening of the immune response aids in parasitic
establishment. In Merino sheep the difference in the survival rate of Fasciola sp. is not that large
(Table 1.2). Considering this perhaps it was not surprising that both parasites were able to
suppress lymphocyte proliferation in a Fasciola sp. susceptible sheep breed suggesting a
common evasion mechanism. What has not yet been answered is whether the extent of
suppression differs between F. hepatica and F. gigantica infections and whether this suppression
leads to a functional impairment of the immune system. If suppression leads to functional
impairment, it would be expected that F. gigantica would suppress proliferation to a lesser extent
as sheep tend to show greater resistance to F. gigantica. This will be answered in future
experiments, by infecting the same population of sheep with either F. hepatica or F. gigantica

and proliferation profiles can then be compared statistically.

The definitive experiment for whether lymphocyte proliferation is a measure of the functional
capacity of the immune system could be performed by infecting the relatively resistant ITT sheep
(Table 1.2) with F. gigantica in parallel with Merino sheep. ITT sheep are not currently

permitted into Australia.

In the work presented in this thesis we discovered two additional capabilities for cathepsin L
from both F. hepatica and F. gigantica. Previous work had alluded to a role for F. hepatica ESP
in suppressing immune responses in rats and sheep (Masih, Cervi & Casado 1996, Cervi &
Masih 1997, Jefferies, Barrett and Tumer 1996). We extended this by showing cysteine protease
activity within Fasciola ESP plays a key role in suppressing cellular proliferation in vitro
(Prowse ef al. 2002). Cathepsin L, in vitro, was shown to be able to suppress mitogen-induced
sheep cellular proliferation. Interestingly, cathepsin L activity is detected in all life stages of F.
hepatica (Dalton and Heffernan 1989, Carmona et al. 1993, Tkalcevic et al. 1995). This has not
yet been shown for F. gigantica (genes encoding 6 cathepsin Ls have been detected in adult F.
gigantica, Grams et al, 2001). If cathepsin L is the suppressor molecule, and is released by all

stages of F. hepatica why is suppression only observed at certain times post infection? There are
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many possibilities and one of these may be that there is increased expression of cathepsin L at
these suppression times. This could be addressed by quantifying levels of cathepsin Ls mRNAs
in the different parasite life stages. Another possibility is based on the fact that Fasciola express
different isoenzymes of cathepsin L. As mentioned in Chapter 3 there are at least seven different
isoenzymes. Both their expression during parasite development and their immunological roles
may vary for each isoenzyme. Indeed, NEJ of F. hepatica express different cathepsin L sequence
classes to those found in adult F. hepatica (Heussler & Dobbelaere 1994, Tkalcevic et al. 1995).
We attempted to address this by examining the effect of different recombinant cathepsin Ls, on T
cell proliferation, each enzyme belonging to a different cathepsin L class based on substrate
specificity. The two recombinant cathepsin Ls were each able to suppress sheep T cell
proliferation in vitro. Further work is needed to purify the cathepsin Ls being expressed at

different stages post-infection and examine each cathepsin L in the in vitro proliferation system.

While the importance of cathepsin L involvement in suppressing cellular proliferation in vitro
was demonstrated, this has not been shown in vivo. There are two possible approaches to address
this. The first is to treat animals with a parasite specific cysteine protease inhibitor (currently not
on the market) during Fasciola infection and the second approach is to induce neutralising
cathepsin L antibody by vaccinating animals with cathepsin L and then infecting with Fasciola.
Proliferation profiles between uninfected animals, Fasciola-infected animals and treated animals
infected with Fasciola could then be compared. If feasible both of these experiments would add

additional evidence for a role of cathepsin L in suppressing sheep cellular proliferation in vivo.

Fluke cathepsin Ls are also released during cattle infections where there is no observed
suppression of cellular proliferation. Some possible explanations for this observation are that
cattle either release an inhibitor of Fasciola cathepsin L, that cathepsin L is unable to suppress
cattle cellular proliferation through the same pathway utilised within sheep or that cathepsin L is
suppressing lymphocyte proliferation locally and this is not being detected systemically due to a

giobal increase in proliferation. These experiments need further investigation.

In some cases the host gencrates ineffective immune responses which may result from the

parasite modulating the host’s immune response to favour its own survival. There is no one set of
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immune mechanisms that will eliminate any type of parasite (Abbas, Murphy & Sher 1996).
Previously published work has shown that different parasites require different immune responses
to be killed and that different parasites elicit different host immune responses. Many intracellular
parasites have been shown to be more susceptible to a cell mediated immune response
(Toxoplasma gondii, Trypanosoma cruzi and Leishmania major; cited in Locksley R.M er al
1999). In contrast many extracellular parasites are more susceptible to a polarised Th2 response
mediated by humoral immune mechanisms (Finkelman F.D er al. 1991, Garside ef al. 2000).
While this is effective in some cases it has been proposed that in some circumstances the elicited
immune response is a “smoke screen” to allow the parasite to survive (reviewed in Kelso 1995,
Riffkin e al. 1996).

In the case of F. hepatica infections, a dominant Type 2 like response is elicited post-infection
within mice, rats, cattle and sheep. These responses include: strong / high levels of eosinophilia,
high IgG1 levels, and a biphasic production of IgE. Work by O’Neill and colleagues (2000,
2001) also points to F. hepatica overriding the normal induction of a Th1 response in mice post-
infection with Bordetella pertussis in favour of a Th2 response. The polarisation of the immune
response was shown to be dependent on cathepsin L within F. heputica ESP inducing an IL-4
dependent suppression of IFN~y which is a key Thl cytokine. It is proposed that these Th2
dominant responses are likely to be induced by the parasite in order to evade an effective host
immune response. In contrast, F. gigantica infections in ITT sheep were shown to induce a
stronger Th2 like response than in Merino infected sheep (Hansen et al. 1999). These responses
were characterised by higher levels of IgM, IgG1 and IgE antibodies. ITT sheep also produced
lower levels of IgG2 (Thl like antibody in sheep). As ITT sheep are resistant to F. gigantica
infections, these results highlight that the generated immune response within sheep is a complex

system that is not yet fully understood.

Our results showing that both F. hepatica and F. gigantica cathepsin L suppresses mitogen-
induced cellular proliferation add to a growing body of potential roles for cathepsin L in evading
host immune responses. As reviewed in Chapter 1.5, F. hepatica cathepsin Ls can degrade the
extracellular matrix (fibrillar types I and IT collagen), the basement membrane (type IV collagen)

(Berasain, Goni et al 1997)and haemoglobulins i vitro (Dalton & Heffernan 1989). Cathepsin
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Ls can cleave immunogiobulins released by mice and humans in vitro (all IgG subclasses) in the
hinge region of the heavy chain (Carmona ef al. 1993, Smith ef al. 1993, Berasain, Carmona ef
al. 2000). Finally F. hepatica cathepsin L polarises the murine immune response to a Th2 profile
by decreasing IFN-y production in an IL4-dependent manner (O’Neill, Mills & Dalton 2001). In
addition to cathepsin L’s role in suppression of cellular proliferation in vitro, we also showed
that Fasciola sp. cathepsin L selectively down regulate CD4 and CD8 on lymphocytes along

with up regulaiing CD1b expression on dendritic cells.

CDA4 acts as a co-receptor along with the TCR: CD3 complex in antigenic recognition of MHC 11
on the surface of antigen presenting cells (Janeway 1989, Janeway and Bottomly 1994). This
bivalent interaction has been shown to be necessary for T helper cel! activation and development
(Janeway 1989, Janeway znd Bottomly 1994). The importance of CD4" T cells in regulating
heiminth infections has been well established in several hosts. For example, genetic resistance of
lambs to Haemonchus contortus coul:i be abrogated after CD4" T cell depletion (Gill, Watson &
Brandon 1993). In mice, the CD4" T cell subset was demonstrated, through depletion studies, to
mediate expulsion of Trichinella spiralis from the gut (Grencis, Riedlinger & Wakelin 1985). In
Heligmosomoides polygyus challenge infections, mice are capable of inducing a protective
response to the infection, which significantly reduces development of new adult wonns by 70-
30%. However, when mice were administered an anti-CD4 antibody this resistance was reversed
(Urban, Katona & Finkelman 1991). In primary infections with F. heparica, increased
lymphocyte proliferation attributable to CD4" T cells has been observed in cattle (McCole et al.
1999, Brown er al. 1994a). In direct contrast, the more susceptible sheep host shows diminished
T lymphocyte proliferation ex vivo during infection with F. hepatica (Zimmerman et al. 1983,
Chauvin, Bouvet & Boulard 1995). This is unlikely to be the only factor governing acquired
resistance to fasciolosis as rats also exhibit a decrease in CD4" lymphocytes levels during a
primary infection (Poitou, Baeza & Boulard 1993). It now appears likely that CD4" T cells will

be crucial players in host immunity to Fasciola sp. as has been shown for other helminth

infections.

Based on our work showing cleavage of CD4 from the surface of lymphocytes by cathepsin L
and the wotk by O’Neill and colleagues (2000, 2001) showing cathepsin L involvement in
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biasing the immune response towards a Th2 response in mice the following scenario is
envisaged. Following fluke infection, CD4 is cleaved from Thl subsets thereby reducing their
proliferation and reducing the Thl cytokine output aiding in Th2 polarisation. While we showed
that CD4 is cleaved in vitro from ovine, human and bovine cells, CD4 is als¢: cleaved from the
surface of mouse lymphocytes (Personal communication Ruby Law and Adriaana Baz). In work
by Xu and colleagues (1998) a Th2 specific marker (ST2L) was identified. Therefore, this
hypothesis could be examined in future work by a dual staining experiment using CD4 and ST2L
labelled with different fluorescent tags. This will allow the visualisation of the subset, from
which CD4 is being cleaved. However it is very likely that cathepsin L will cleave CD4 from
both T cell subsets to achieve a general dampening of the immune activation in response to

foreign antigens.

CD8 was also shown to be down regulated on lymphocytes in the presence of cysteine protease
activity within Fasciola sp. ESP. CD8 is expressed as a hetero-dimer of an o- and B- chain on
the surface of mature MHC class | restricted T cells (CTLs). CTLs are one of the arms of Thl
mediated defence mechanisms. CD8, similarly to CD4, participates in lymphocyte adhesion to
antigen presenting cells, lymphocyte activation through interactions with TCR-CD3 complex,
and is involved in modulation of late events during lymphocyte activation (Weiss & Imboden
1987). This was reviewed in Chapter 4. Down regulation of CD8 on CTLs will suppress
proliferation of an important component of Thl defence strategies. This suppression may also
contribute to the polarisation towards a Th2-dominated immune response. The mechanism for
this suppression may relate to the decreased expression of IL-2 from cells expressing the hetero-
dimer of CD8. Whether cleavage of CD8 by cysteine protease activity within Fasciola ESP
correlates with lower 1L-2 production has yet to be seen. If it does, this will have two effects on
the immune response. Firstly, IL-2 stimulates proliferation of lymphocytes. By Fasciola cysteine
proteases decreasing IL-2 production this may result in suppressed proliferation. As discussed
previously F. hepatica infections bias the immune system toward a Th2 response. IL-2 is a
Th1/ThO cytokine. Thl and Th2 cytokines negatively modulate the production of the other
cytokine subset (Sher & Coffman 1992, reviewed in Abbas, Murphy & Sher 1996). By
decreasing the production of IL-2, Th2 cytokines may be up regulated. This may be an additional
mechanism for the biasing of the Th2 response tc add to the I1.-4 dependent suppression of IFN-
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y production reported by O’Neill er al. (2001). Whether the cleavage of CD4 and CD8 from
lymphocytes is the reason for the suppressed proliferation remains to be proved. Future work
will look at antigen-specific proliferation assays and whether cathepsin L suppresses

proliferation in these assays.

The work presented in this thesis only assessed the effect of Fasciola ESP on a multiplicity of
sheep surface markers and whether the addition of E64, a cysteine protease inhibitor, affected
these changes in expression. Future work will utilise recombinant cathepsin L proteases and
analyse their effects on CD8, CD1b and other markers expressed on a range of host cells (such as
mice, humans and cattle). This will provide new insights into the generality of the observations
made in sheep. Future experiments will also examine the effect of Fasciola sp. ESP on ITT

sheep surface markers.

In conclusion we have shown that Fasciola parasites affect the expression of both CD4 and CD8
on Merino T cells, molecules known to play important roles in T lymphocyte activation: down
regulation of CD4 and CD8 levels may result in suppression of lymphocyte proliferation. This
selective modulation of these two T cell markers is likely to play a key role in Fasciola sp.

evasion strategies in vivo.

In summary we have identified potential evasion mechanisms Fasciola sp. may utilise to survive
in receptive hosts. This included the suppression of sheep lymphocytes by F. gigantica at
proposed key times post infection, previously demonstrated for F. hepatica, along with the
cleavage of CD4 and CD8 on the surface of sheep lymphocytes. In addition CD4 was shown to
be down-regulated by Fasciola sp. cysteine proteases on the surface of human and bovine
lymphocytes. Further circumstantial evidence for cleavage of CD4 was obtained by recombinant
F. hepatica cathepsin Ls cleaving recombinant human CD4 in vitro. Both of these mechanisms
were new roles for Fasciola sp. cathepsin L. Whether these two phenomena are linked requires
further investigation. Interestingly both adult Fasciola sp. ESP were shown to stimulate the
preduction of NO by resting rat PLCs. The immunologicai relevance of this stimulation is yet to
be determined. Finally we have acquired preliminary evidence that AOD enzymes levels

expressed by Fasciola sp. may be important determinants in their susceptibility within the rat
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and sheep host. However all of these findings need to be further studied and characterised by

future investigators with a keen interest in the immunology of the parasite: host relationship.
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CD2

F hepatica ES F gigantica ES F. hepatica ES " F gigantica ES

Appendix 1a: The effect of F. hepatica ES (250 pg/ml} and F. gigantica ES (250 pg/ml) on the
expression of sheep cell surface markers CD2, CD5, CD11a and CD11b on either afferent or
efferent lymph after a 4 hr incubation. The grey shaded area represents the surface markers
expression on sheep cells in the presence of antigen after a 4 hr incubation while the black overlay
shows the normal surface marker expression on the identical population of sheep cells incubated
for 4 hrs in media alone. Histograms display 20000 events for each sample.
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Appendix 1b: The effect of F hepatica ES (250 pg/ml) and F. gigantica ES (250 ug/ml) on the
expression of sheep cell surface markers CD11¢, CD14, CD21 and CD23 on either afferent or
efferent lymph after a 4 hr incubation. The grey shaded area represents the surface markers
expression on sheep cells in the presence of antigen after a 4 hr incubation while the black overlay
shows the normal surface marker expression on the identical population of sheep cells incubated
for 4 hrs in media alone. Histograms display 20000 events for each sample.
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Appendix lc: The effect of K hepatica ES (250 ug/ml) and K gigantica ES (250 ug/ml) on the
expression of sheep cell surface markers CD25, CD45R, CD45Ra and L-seiectin on either
afferent or efferent lymph after a 4 hr incubation. The grey shaded area represents the surface
markers expression on sheep cells in the presence of antigen after a 4 hr incubation while the
black overlay shows the normal surface marker expression on the identical population of sheep
cells incubated for 4 hrs in media alone. Histograms display 20000 events for each sample.
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Appendix 1d: The effect of F hepatica ES (250 ng/ml) and F. gigantica ES (250 pg/ml) on the
expression of sheep cell surface markers MyD-1, MHC I, MHC Il (DP) and MHC I (DQ) on
either afferent or efferent lymph after a 4 hr incubation. The grey shaded area represents the
surface markers expression on sheep celis in the presence of antigen after a 4 hr incubation while
the black overlay shows the normal surface marker expression on the identical population of
sheep cells incubated for 4 hrs in media alone. Histograms display 20000 events for each sample.
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Appendix le: The effect of F hepatica ES (250 pg/ml) and E gigantica ES (250 pg/ml) on the
expression of sheep cell surface markers MHC 11 (DR), WC1, WC6 and WC10 on either afferent
or efferent lymph after a 4 hr incubation. The grey shaded area represents the surface markers
expression on sheep cells in the presence of antigen afier a 4 hr incubation while the black overlay
shows the normal surface marker expression on the identical population of sheep cells incubated
for 4 hrs in media alone. Histograms display 20000 events for each sample,
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Appendix 1f: The effect of £ hepatica ES (250 ug/ml) and K gigantica ES (250 1 g/ml) on the
expression of sheep cell surface markers cc81, sigG, TC(RIN7 and A8 TCR on ¢ither afferent or
efferent lymph after a 4 hr incubation. The grey shaded area represents the surface markers
expression on sheep cells in the presence of antigen after a 4 hr incubation while the black overlay
shows the normal surface marker expression on the identical population of sheep cells incubated
for 4 hrs in media alone. Histograms display 20000 events for each sample.

R L

AT RS P A




Afferent Lymph Efferent Lymph i

E hepatica ES E gigantica ES E hepatica ES F gigantica ES

Appendix 1g: The effect of E hepatica ES (250 pg/ml) and F. gigantica ES (250 ug/mi) on the
expression of sheep cell surface markers VI.A4 and CD58 on either afferent or efferent lymph
after a 4 hr incubation. The grey shaded area represents the surface markers expression on sheep
cells in the presence of antigen after a 4 hr incubation while the black overlay shows the normal
surface marker expression on the identical population of sheep cells incubated for 4 hrs in media
alone. Histograms display 20000 events for each sample.
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Fasciola hepatica cathepsin L suppresses sheep lymphocyte

proliferation in vitro and modulates surface CD4 expression

on human and ovine T cells

RHODA K. PROWSE'Y PAUL CHAPLIN®?, H. CLEM ROBINSON' & TERRY W. SPITHILL'*

IDepartment of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria. Australia, *Bavarian Nordic Rescarch institute,
Martinsried, Germany and *Cooperative Research Centre for Vaccine Technology, Brisbane, Australia

SUMMARY

Fasciola hepatica infection has been shown to suppress sheep
lymphocyte proliferation in vitro and this is at least partially
attribuiable to excretoryisecretory products { ES) released by
F. hepatica parasites. We identified a suppressive component
in ES by analvsing the efject of ES fractions, separated by gel
filtration, on the proliferation of sheep T cells in viiro, A
major proportion of the suppressive activity in ES was shown
1o coelute with the cathepsin L proteases: E64, a cysteine pro-
tease inhibitor, blocked the suppressive acrivity of cathepsin L.
In order ro identify possible mechanisms by which cathepsin L
conld suppress T cell proliferation, the effecr of ES and F.
hepatica recombinant cathepsin L (rFhCartL) on the expres-
sion of 22 different sheep T cell surface markers was analysed
by fRow eviometry. Incubation of sheep T celis with ES or mwo
rFhCatL signicantly reduced surface CD4 expression and this
effect was prevented in the presence of E64. In similar experi-
ments with human T lvmphocytes, ES and rFhCatl were
shown 10 down regulate surface CD4 expression. These results
show that F, hepalica eathepsin L both suppresses sheep T coll
proliferation and reduces surface CD4 expression on both
Iman and ovine T cells.
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INTRODUCTION

Fasciola liepatica, the temperate liver fluke, is capable of
attenuating the mammalian immune system (1). In sheep.
F. hepatica infections exert immunosuppressive elfects at
specific times postinfection (2). Following infection of sheep.
significant suppression of the lymphocyte prolilerative
response to different mitogens was observed at week 4 and
around weeks 7-11 (2). Selective suppiession of the host’s
immune response may be to the parasite’s advantage since
these times correspond to phases of rapid parasite growth
within the liver parenichyma and establishment within the
bile ducts (2).

Immunomeodulatory effects of excretory/secretory prod-
ucts {ES) released by the adull parasite have been observed
in vitro, These ES related activities include dose-dependent
inhibition of mitogen-stimulated proliferation of lymphocvies
from naive sheep (3): induction of mononuclear spleen cell
populations which. upon adoptive transfer, suppress delaved
type hypersensitivity responsces {o parasile antigen (4);
inhibition of the superoxide burst by phorbol myristate
acetate-stimulated sheep and human neutrophils (5); and
inhibition of nitric oxide production by lipopolysaccharide-
stimulated rat peritoneal cells in the first 2 weeks folowing
infection (6}. However, the active components within F
hepatica ES responsible for Lhis immunosuppression have
not yel been elucidaled.

A major component ol F, hepatica ES is a group of caili-
epsin L. cysteine proteases which are 27-30 kDa in size (7-9).
These proteases are expressed in the intermediate to tate phase
ol parasite development and at least seven different cathepsin
L isoenzymes have been identified by two-dimensionul gel
electrophoresis and by ¢DNA cloning (3,10} these seven
isoenzymes comprise three clades (11Y F. hepatica cathepsin
L has already been shown to initiate a range of effects,
including prevention of antibody-mediated attachment of
eosinophils to juvenile flukes in vitro (12); the formation of
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blood clots induced through clotling of fibrinogen (13) and
cleavage of the Fc portion of immunoglobulin (14).

The purpose of this siudy was to identify immuno-
suppressive molecules in adult £, hepatica ES and to study
potential suppressive mechanisms utilized by these mole-
cules to down regulate host immune responses. This was
achieved by studying the effect of ES components on both
lymphocyte proliferation and the expression of cell surface
markers on sheep lymphocytes.

MATERIALS AND METHODS

Reagents

Polyethylene glycol 20000, vL-cysteine. HCL, trans-
epoxysuceinyl-L-leucylamido-(4-guanidino)-butane {E64),
sodium pyruvaie, Concanavalin A (Con A). silver nitrate,
imidazole, z-Phe-Arg-NHMec. B-mercaptoethanol. trypan
blue and dithiothreitol (DTT} were purchased from Sigma
Chemical Co. (St Louis. MO, USA). Dextrose, glycerol and
calcium chloride were purchased (rom BDH Chemicals
(Kilsyth, Australia). Yeast extract and peptone were pur-
chased from Oxoid Ltd (Basingstoke, Hampshire, UK).
Gentamycin and DMEM were purchased from Life Tech-
nologies (Rockville, MD, USA). RPMI-PR". penicillin/
streptomycin (Pen/Strep) and Foetal calf serum (FCS) were
purchased from Trace Scientific Lid (Melbourne, Australia).
ELISA plates and 96-well U-bottomed plates were purchased
from Greiner labourtechnik (Kremsmuenster, Austria). Ficoll
paque, *H-tbymidine, Superdex 75 (S75) fast protein liquid
chromatography (FPLC) column, Histrap column and the
Mono S column were all purchased from Amersham
Pharmacia Biotech (Sydney, Australia). Nitroceliulose
membrane was purchased from Schleicher and Schuell
(Dassel, Germany). Lithium heparin vacutainers were pur-
chased from Becton Dickinson (Oxford, UK).

Monoclonal antibodies

A range of murine monoclonal antibodies (mAb) to sheep
leucocyte surface antigens. which had been compared
within the International Ruminant Workshops (15). were
used to monitor effects elicited by £ hepatica ES on leuco-
cytes, These mAbs were: CC20 (IgG2a) CD1h: MUC2A
(1gG2a) CD2; GClA (1gG2a) CD4; CC17 (IgGl) CDs5;
CCh3 (1gGl) CD8o; ILA99 (l1gGly CDIlia; MMI2A
(IgGI) CD11b: BAQ153A (IigM) Cid{ic: CC-G32 (IgGl)
CD14; CC21 (IgGly CD2I; CACTII6A (1gGt; CD25:;
GS5A (IgGl) CD45R; CC32 (1gGl) L-selecting H38A
(1gG2a) MHC 1; H42A (1gG2a) MHC 11 (DP); THI4B
(12G2a) MHC 11 (DR); TH81AS (1gG2a) MHC 11 (DQ);
86D (IgGl) 6 TCR; CC98 (1gG2b) WC6; CC28 (1pGl)
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WCI10: CC81 (JgGly ALVC subset (16): and 1LA24 (IgGh
MyD-1 (17).

Two mAbs 1o human lymphocytes were used: PE mAb o
human CD4 and PE mAb o human CD3 (Pharmingen. San
Diego. CA., USA).

ES collection

ES was collected from living adult F. hepatica parasiies
obtained from bovine livers at 3 meat processing plant in
Tongala (Victoris., Australia) as previously described (18).
The regurgitant was concentrated 10-fold using polyethoie
glveol 20 000 and then dialysed for 24 h at 4°C against 31 of
phosphaie-buffered saline (PBS). The protein concentrition
was estimated using the Bio-Rad D Protein Assay Kit i Bio-
Rad. Richmond. CA. USAY according to manufactarer's
instructions. This ES preparation was used in all assays.

Fractionation of ES

ES molecules were fracticnated by chromatography on a
§75 FPLC column. 1 mi samples of F. hepatice ES were
loaded and 1 ml [ractions were eluted using sterile PBS
(fltered through a 0-22-pm filter) at a flow rate of 3 mi/min
at room temperature. Collected proteins won cslimated (o
have been diluiod approximiztely three-fold, from the initial
F. hepatica ES concentuation. during fractionation.

Recombinant cathepsin F. proteases

Two recombinant ¥ hepatica cathepsin L (rFhCatl)
proteases were useck #TFhCatLs and a mutant of rFhCail3
termed rFhCatL69% in which the leuciine st position 69 was
mutated to tyrosing. Theiv expression, purification and sub-
sirate sfweoinicity have been previously described (11). The
twezs Pl were active site titrated with the inhibitor E64
using the dipepi:de z-Phe-Arg-NHMcc as the substrate at
37°C (19). Approximately 10% of the pmified recombinani
protease preparations were enzymatically nctive,

Tsolation of human and sheep periphesal blood
mononuclear cells (PBMCs)

Blood wes ecilzeted from either naive humans or mature Merino
ewes inte ) ml sterile lithinm heparin vacutainers and centri-
fuged at room temperature for 20 min at 1700 ¢,p.m. The bufly

coat was removed, dituted 1 : 5 in PBS, layered onto 10 mi of

Ficoll Paque, then centrifuged at room temperature for 30 min
at 2400 r.p.m1. The cells at the interface were removed and
washed three times at room temperature in PBS by 6 min cent-
rifuge spins at 1300 r.p.m, PBMCs were counted and resus-
pended at desired concentration in RPM1 complele media.

© 2002 Blackwell Science LAd, Parasite Immtarology, 24, 57-66
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Isolation of sheep efferent lymphocytes

Eiferent lymph was collected from the right lymph node of
a mature Merino ewe which had been previously cannulated
(20), The lymph was centrifuged at 1700 r.p.m. for 7 min at
room temperature and then washed once in PBS at room
temperature. Cells werz resuspended in Dulbecco’s Modified
Eagle Media (10% FCS, 50 pg/ml gentamycin, 50 U/ml
Pen/Strep, 50 um B-mercaptocthanol and 20 pn sodium
pyruvate) and cell counts were performed.

Whole blood proliferation assays

Whole bload proliferation assays were conducted as described
by (21). Blood was collected from najve sheep into 10 ml
sterile lithinm heparin vacutainers. This blood was diluted
1:10 into RPMI complete media (10% {oetal call serun
(FCS). 50 pgfml gentamycin. 50 U/mi Pen/Strep, 50 um 2-
mercaptoethanol and 20 pM sodium pyruvate), 200 ul was
added to cach well of a 96-well ELISA plate containing
cither: 10 pg/ml Con A Con A + adull £, hepatica ES: Con
A + 875 F, hepatica ES [ractions: F. hepatica ES and PBS.
These incubations were performed in quadruplicate and
repeated in the presence of E64 (10 pw final concentration),
The cultures were incubated for 72 h at 37°C in an
atmosphere containing 5% CO,. Twenty-four hours prior
to harvesting, [*H)-thymidine (0-2 pCilwell) was added. At
completion of the incubation, the plates were frozen at -20°C.
Cells were harvested onto mulliscreen filtration system 96
well microplates (Millipore Corp., Bedford. MA, USA) which
were analysed for *H-thymidine activity using o Packard
TopCount Microplate Scintiliation Counter. Con A with
cells alone repieionted the positive control and proliferation
was typically between 12 000 and 20 000 c.p.an. The negative
controi was cells incubated with PBS and counts were typic-
ally less than 200 c.p.m. The viability of the cells after the
72 hincubation was assessed by the exclusion of trypan blue
on a conirol plate, Statistics were performed on all assays
using an ordinary anova parametric Bonferroni test.

15% SDS PAGE gels and Western blot analysis

F. hepatica ES and 875 fractions were qualitatively analysed
on 15% SDS PAGE gels stained with silver stain as described
(18). Western blot analysis was used to identify the presence
of F. Lepatica cathepsin L as previously described (18), These
analyses were performed (wice,

Flow cytometry: sheep lymphocyte surface markers

Flourescence-activated cell sorter (FACS) analysis was used
to identify the cfiect of F hepatica ES or rFhCatL on a broad

€ 2002 Blackwell Science Lid, Pasasite bmmueiology, 24, 57-66

F. hepatica cathepsin L in lemphocyte profiferation and CD# expression

range of surface markers on both sheep PBMCs and efferent
lymphocytes. 5 x 10° cells were plated into each well (100 pl)
of a 96-well U-bottomed plate. Plaies were centrifuged at
1200 r.p.m. for 3 min at room temperature, the supernatant
wns decanted and cells wers resuspended in medium alone
or medium comaining F hepatice ES (200-250 yg/ml) or
enzymalically active rFhCatL {20-30 pg/ml), with and
without E64 (10 pm). These cultures were incubated for 5 h
at 37°C in an atmosphere containing 5% CO,. Cells were
washed three times in PBS at room temperaturz then incu-
bated with the appropriate mouse znti-sheep surface marker
antibody 1200 to 1: 1000 dilution, supplied by CSIRD
(Division of Animal Health} {or 15 min at room temperature.
Controls were cells with medium alone and cells incubated
with mouse immunoglobulin (1g) isotypes igGl, 1gG2a. 1gG2b
and 1gM. Non-specific binding of these mouse antibodies to
T cells was not observed {data not shownl. Cells were washed
twice in PBS at room temperature and then incubated with
goatl anti-mouse Ig antibody with a FITC tag (! : 200 dijution,
Silenus, Melboume, Australia) at room temperature for 15 min.
Cells were wushed twice in PBS at rocm temperature,
resuspended in 100 pul PBS and analysed using a Becton
Dickinson FACSsort. Results were based on 20 000 cvents.
In the experiment investigating CD4 expression levels on sheep
efferent Iymph T lymphocyles alter various incubations
with £ hepatica ES, this method was modified as lollows:
Cells were plated out us above and then fixed in 1% para-
formaldehyde for 15 min at room temperature, The cells were

washed three times in PBS al room iemperature and the .

assay performed as usual using incubations with either media
or F. heparica ES, with and without E64 (10 um). In another
experiment, cells were plated out and incubated with either
media or £ heparica ES for 5 h and then washed as above,
These cells were then incubated for a further 18 h at 37°Cin
media alone, washed twice in PBS and then stained as
described above. FACS analysis was performed on human
PBMCs using the same method described above. using
antibodies to human CD4 and CD3. All experiments were
performed at least (wice and each sample was performed in
duplicate. Statistics (using statistical measurements within
Celi Quest from Becton Dickinson) were performed on all
cel} popuialions, The duta was pregented in either histogram
format or bar graphs which displayed the mean fluorescent
intensity (v geometric mean) of the CD4" T cell populations.

RESULTS

Identification of F. kepatica ES components that suppress
iymphocyte proliferation

The suppressive effect of F fieparica BS on the Con A-
induced proliferation of shecp whole blood cells in vitro was
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Figure 1 Suppressive effect of F. heparica ES [ractions on sheep
lymphocyte proliferation in vitro. F. hepatica ES was fractionated
on a Superdex 75 colurnn. 20 pl of individual lractions was
analysed for suppressive activity on Con A-induced proliferation.
Significant suppression was observed for fractions 613 (£ < 0-005
for each fraction). A significant stimulation was observed for
{fraction 20 (£ < 0-05). The control (Cells + Con A) proliferation
value is set at 100%. The dashed line shows the level of Con A
stimulation in the presence of whole F. hepatica ES a1 50 pghml.
This experiment was performed twice with samples assayed in
quadruplicate.

analysed as reported previously (3). Significant levels of sup-
pression were observed in vitro at 15 ug/ml and 50 pug/mi of
F. hepatica ES, compared to cells treated with Con A alone
{data not shown). These results indicate a role for £, hepatica
ES in suppressing lymphocyte proliferation responses and
correlate with earlier data (3). Incubation of cells with F.
hepatica ES without Con A at corresponding concentrations
did not induce naive sheep celtular proliferation above that
of the PBS negative control {results not shown). Cell viabil-
ity as estimated by Trypan Blue exclusion was not aflecied
at these concentrations of F, hepatica ES {data not shown),

In order to identify the suppressive components in F.
heparica ES, ES was {ractionated by molecular sieving on a
S$75 column and the individual fractions were analysed for
their effect on Con A-induced proliferation of sheep cells,
Significant suppression of prolileration was observed for
fractions 613, at a level of suppression comparable to that
seen with the whole unfractionated F. hepatica ES (50 pg/mi)
{Figure 1). Fraclion 20 appeared to induce cellular pro-
liferation. This fraction may contain a ‘mitogenic’ component
which acts to neutralize/offset some of the suppressive natnre
of F. hepatica ES. This fraction was not studied further in
these experiments.

The fractions (7-11) which induced peak suppression were
analysed by SDS PAGE and compared with whole £ hepatica
ES and (ractions 4 and 14 where minimal suppression was
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Figure 2 (a) Silver-stained 15% SDS PAGE gel analysing F
hepatico ES and F. hepatica Superdex 75 (ractions. F. hepatica ES
(10 ply and fractions 4-14 (30 p1} were fractionated on SDS PAGE
els. The migration of the standards is shown on the lelt. Similar
results were obtained in two separate experiments, (b) Western blot
analysis of F, hepatica ES and F. hepatica ES Superdex 75 fractions.
F. hepatica ES (10 pl), rFhCatLs (20 plY and fractions 4-14 (30 p)
were fractionated by SDS PAGE, blotted and probed with sheep
ani-F, hepatica Cathepsin L antibody. The migration of the
standards is shown on the left. Similar results were obtained in two
scparate experiments.

ohserved (Figure 2a). From the gel, a major component in
the suppressive [ractions is the 28 kDa doublet known to
represent cathepsin L (8). Suppressive fiactions 8-11 con-
sisted predominantly of this cathepsin L doublet, although
there were also other lower molecular weight bands present.
These lesser constituents include breakdown products of
cathepsin L, since cathepsin L is known to sclf cleave into
componenis of 14 kD, and other proteins which coeluied
wilh cathepsin L (8,18),

Western blot analysis of the suppressive fractions using
sheep anti-F. hepatica cathepsin L antibody was performed
Lo confirm the identity of cathepsin L in the {ractions. This
analysis identified the 28 kDa doublet as cathepsin L
{Figure 2b). Two positive controls were included for the

© 2002 Blackwell Science Lid, Parasite Immumnology, 24, 57-66
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identification of the presence of cathepsin L: unfractionated
F. hepatica ES. in which only the characierisiic 28 kDa
cathepsin L doublet was identified and rFhCatL35 which was
detected in ils pro form (46 kDa. Figure 2b). The proform
of native cathepsin L was also detected in fractions 7 and 8.
These results demonstrate that the major component of the
ES fractions, which induce suppression of lymphocyte pro-
liferation, is cathepsin L.

To confirm that suppression of Jymphocyte proliferation
was due to the protease activily of F. hepatica cathepsin L,
the whole blood proliferation assay was repeated with §75
fractions in the presence of the inhibitor, E64 (10 um). E64
is a specific cysteine protease inhibitor which will reverse
any suppressive elfects caused by the activity of cysteine
proteases. Previous studics have shown that 92% inhibition
of F. hepatica cysteine protease activily is observed with E64
at a concentration of 0-5 pM (8). The concentration chosen in
our experiments should therefore inhibit all enzyme activity.
Incubation of whole F. heparica ES with E64 restored
proliferation by approximately 50% {Figure 3). This may
sugges! that there are at least two components in F. heparticy
ES responsible for suppressing proliferative responses. one
of these being a cysteine protease that contributes approxim-
ately one-hall of the 1o1al suppressive activity. Incubation of
cells with (ractions 7-12 in the presence of E64 completely
restored their proliferation {Figure 3). This confirmed that it
was the ¢ysteine protease activity within fractions 7-12 that
is responsible for inducing suppression of Con A-induced
proliferation. An additional control for the experiment. in
which whole blood cells were incubated with Con A + E64
in the absence of F hepatica ES, showed that E64 had no
effect on the Con A-induced proliferation (Figure 3).

Effect of F. hepatica ES on expression of sheep T cell
surface markers

The lact that suppression of prolileration of whole biood cells
was associated with cathepsin L protease aclivity suggested
that suppression may be mediated by cleavage of proteins on
the surface of T cells. In order 10 characterize possible
protein targets on cells that could be substrates for cathepsin
L. the effect of F, heparica ES on the expression of a range
of surface markers on sheep cells was analysed. Cell surface
markers investigated were CDb, CD2, CD4, CD3, CD8e,
CDlia, CDLlb, CDilc, CDI14, CD21, CD25, CD43R, 1.-
selectin, MHC 1, MHC 11 (DP), MHC il (DQ), MHC 1l
(DR), ¥8 TCR, WC6, WC10, ALVC subset and MyD-1. Cell
populations used for these inilial experiments included
PBMCs and elferent lymph collected rom cannulated sheep
(20). When naive sheep cells were incubated with £ hepatica
ES at the optimal concentration (250 pg/m), resuits not
shown), we observed a significant change, measured as a

© 2002 Blackwell Science Ltd, Parasite Immunology, 24, 57-66
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Figure 3 E64 reverses the suppressive effect of F. liepatica ES
fractions on sheep lymphaocyte proliferation in vitro. Addition ol
E64, a cysleine protease inhibitor. at 10 puM 1o either whole F.
hepatica ES or the fractions resulted in 50% and 100% restoration
of the Con A-induced proliferation, respectively. The control
{Cells + Con A) proliferation value is set at 100%. The dashed line
shows the level of proliferation in the presence of whole F. hepatica
ES: the solid line shows the level of proliferation in the presence of
whole F hepatica ES plus E64, The dotted line shows the contiol
level of proliferation in the presence of Con A and E64. Signilicanl
suppression was observed flor fractions 7-13 (P < 0-001).
Significant stimulation was observed for fraction 5 (# < 0-01). The
875 fractions analysed here were collected lrom a separate 875
fractionation experiment to that shown in Figure 1. Similar results
were obtuined in two separate experiments with samples assayed in
quadruplicate.

major shift in the positive peak in the presence of F. hiepatica
ES, in the expression of the CD4 marker on T lymphocytes
in all cell populations (see below), As CD4 was the marker
of interest, the results presenied below focus on cells from
efferent lymph which contains 95-100% lymphocytes.

Effect of F. hepatica ES and recombinant cathepsin L on
expression of CD4 on sheep T cells

The eflect of F. hepatica ES and cathepsin L proteases on
expression of CD4 on sheep T cells was studied in detail
using efferent lymph consisting of 95-100% lymphocytes
(35-40% of these being CD4* T lymphocytes. Viability of
cells was not effected by incubation with ES or recombinant
cathepsin L proteases as deterinined by propidium iodide
staining (data not shown). Approximately 40% of the eflerent
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Figure 4 Effect of F. hepatica ES und recombinant cathepsin L on
the expression of the CD4 surface marker on sheep efferent lymph
T cells. CD4 expression on cenirol T celis is shown (a, shaded
area). CD4 expression was substantially reduced on T cells
preincubated with F, heparica ES (250 ug/ml) for 5 h before staining
(b, shaded area). Expression of CD4 on sheep T cells was ablated
after a 5-h incubation with either rFhCatL5 (30 pa/mi) (c, shaded
area) or rFhCatL6%Y (30 pg/ml) (d, shaded area). The black
overlay on each plot shows the CD4 expression on T cells for the
same incubation performed in the presence of E64 (10 am). Data in
each plot represent 20 00D events for cells stained with mouse anti-
sheep CD4 and FITC anti-mouse immunoglobulin. Histograms
show the Auorescent intensity (x-axis) versus cell number {r-axis).
Similar results were obtained in three separate experiments with
samples assayed in duplicate.

lymph cells used in this work were CD4" T cells (Figure 4a).
The-average mean fuorescent intensily (MFI) of this entire
cell population using anti-sheep CD4 antibodies was 230
{Figure 4a). Cells were incubated with F. hepatica ES
(50200 pg/ml) for 5h at 37°C and then stained for CD4
expression, A 5-h incubation with 200 pg/m) ES had been
determined as the optimal conditions for a significant shifl
in the CD4 profile in earlier experimenis (data not shown),
A marked shifi in the CD4* T cel} population to the left was
observed, with a resulting MFI value of 22 (Figure 4b). This
significant level of reduction in fluorescence signifies a
down regulation or cleavage of CD4 from the surface of
sheep T cells.

To further characterize the role of cysleine proteases in
CDd cleavage, the effect of yFhCalL proteases on CD4Y T
cells was analysed. rFhCatL was used at a concentration of
30 pg/ml of enzymatically active protease. Both rFhCatL3
and rFhCatL69Y totally down-regulatedicleaved CD4
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from the surface of T lymphocytes (Figure 4c.d) and this
effect was completely reversed by the addition of E64
{Figure 4c.d. overlay),

This is the first demonstration that F. hepatica cathepsin
L proteases have a direct affect on CD4 expression levels,
We therefore tested whether this alteration was caused by
the direct cleavage of CD4 from the surface of sheep T
cells or an indirect down-regulation of CD4 expression by
cathepsin L.

To ascertain whether CD4 was being down-regulated or
cleaved, sheep T cells were fixed with [% paralormaldehyde
and then incubated with F. heparica ES. 1f CD4 was being
actively down-regulated in the presence of F. hepatica ES by
an indirect cffect of ES on some other T cell component,
there would be little change of CD4 expression on the fixed
T cells. However, if CDM4 was being directly cleaved from the
surface by protease activily in ES. a reduction in CD4
expression on T cells would still occur on fixed cells, The
results show a notable shift in the CD4" T ¢ell population
for fixed cells in the presence of F. hiepatica ES (Figure 5¢),
These observations imply that CD4 is cleaved from the sur-
lace of T cells by protease activity in F. hepatica ES. Alter
fixation, the shift in the CD4* T cell population resulting
from incubation with F. heparica ES was not as great as that
for unfixed cells (Figure 5b) but this may be due to an allera-
tion of the CD4 structure on the cell surface during the
fixing process, such that the active components in F. hepatica
were notl capable of recognizing CD4 1o the same extent as
on unfixed cells, thereby imiting the degrec of cleavage. The
addition of E64 to F. hepatica ES prior to either incubation
with unfixed or fixed celis resulted in normal expression levels
of CD4 on lymphocyles (Figure 5b.c). This again implicates
the action of a cysteine protease in F. heparica ES.

In order to determine whether T cells were capable of up-
regulating CD4 expression levels following exposure (o £
fiepatica ES, sheep T cells were incubated with F. hepatica
ES for 5h, washed to remove ES components, and then
incubated for a further 18 h in medium alone. This cell
population exhibited a higher proportion of CiD4* T cells
{Figure 5d) than cells incubated with F, heparica ES for 5h
{Figure 5h). Relative levels of CD4 expression were estim-
ated by comparison o' MF1 values (101 for Figure 5d and
164 for Figure 5a, respectively, Table I). These results sug-
gest that CD4 expression can be up-regulated on sheep T
cells when F fiepatica ES is removed from the system,
although the level of CD4 expression did not retum to con-
trol MFI levels (216, Table 1) within the 18 h incubation.
Again, incubation of cells with F. hepatica ES in the pres-
ence of E64 completely prevented the reduction in CD4
expression levels on sheep T cells, confirming that this eftect
is a direct result of cathepsin L protease acuivity present in
F. hepatica ES (Figure 5b and Table 1),

© 2002 Blackwell Science Ltd, Parasite Inmmunofogy, 24, 57606
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Figure 8 CD4 expression levels on sheep efferent lymph T
lymphocytes afier various incubutions with £ hepatica ES at

250 pg/ml. Cells were incubaied as follows; media alone

{4, shaded arca); £ fieparica ES for 5 h (b, shaded area): cells were
firstly fixed with 1% puraformaldehyde and then incubated with F
hepatica ES for 5 h (e, shuded area); or were incubated with F
hepatica ES for 5 h, washed three times and then incybated for 18 h
in media alone (d. shaded area). The black overlay on cach plot
represeni the same incubations as forementioned with the addition
of E64 {10 um) prior to the incubation. Data in each plot represent
20000 evemts for cells stained with mouse anti-sheep CD4 and
FITC anti-mousc immunoglobulin. Histograms show the
fluorescent intensity (x-axis) versus cell number { y-axis). Similar
results were obtained in two separate experiments with samples
assayed in duplicate.

Eftect of F. hepatica ES and recombinant K. heparica
Cathepsin L on expression of CD4 on human T cells

F. hepatica infects a range of mammalian hosts and it is
therefore of interest 1o determine whether this cffect of
F. hepatica cathepsin L was specific for sheep T eells or
whether a similar effect of these proteases would be

F. hepatica cathepsin L in lvmphocyie profiferation ond CD4 expression

observed with T cells from other hosts. For this purpose, the
effects of F, hepatica ES and recombinant cathepsin Ls on
CDM4 expression on human T lymphocytes was examined.

CD4 expression on three different sources of human puri-
fied blood lymphocytes was approximately 44% (Figure 6a}.
CD4 cxpression on human T lymphocytes was tolally
suppressed after incubation in the presence of F. hepatica ES
(200 pg/ml) (Figure 6b). rFhCatL5 (30 pg/ml) (Figure 6c) or
tFhCallLooyY (20 pgiml} (Figure 6d). When E64 was added
io the proteases prior Lo incubation with the cells this
suppression was eliminated (Figure 6b-d. overlays).
Control experiments were performed looking at the eflect ol
F. hepatica on CD3 expression levels on human T lymphocytes.
No effect was detected, sugpesting that the proteases are
selectively targeling CD4 (data not shown). This is the first
report of a cysteine protease claving CD4 [rom either
human or ovine T cells.

DISCUSSION

We have identified macromolecules within F. hepatica ES
capable of suppressing mitogen-induced sheep whole biood
cellular (lymphocyte) proliferation in vitro. ES was fraction-
ated and the suppressive activity in ES was shown Lo corre-
late with the presence of cathepsin L proteases in the
proliferation assay and identification of the characteristic
cathepsin L doublet on SDS PAGE gel and Western blot.
Furthermore. the addition of E64 (a cysteine protease inkib-
itor) to the suppressive fractions ablated their suppressive
activity, confirming the involvement of a cysteine prolease
activity in mediating suppression. The addition of E64 to
whole F, hiepatica ES resulled in approximately 50% inhibi-
tion of its suppressive activity, suggesting the involvement of
another molecule wilhin ES capable of suppressing whole
blood cellular proliferation. tt was also observed that some
§75 iractions contained ‘mitogenic’ propertics with respect
to whole blood cellular proliferation, and the characteriza-
tion of these components would be of interest. Together,
these results identified cathepsin L proleases as major
immunomodulatory molecules released by F. hepatica.

Table T CD4 expression levels on sheep efferent lymph T lymphocytes aiter exposure (o ES of F hepatica

Sample Evenis gated %o Gated Mean fluorescent intensity sSD
Media 9400 470 2164 32
Media + E6d 9236 462 2153 27
F. hepatica ES 8714 43-6 164 16
F. hepatica ES + E64 10154 50-8 206-1 45
Fixed - E hepatica ES 8997 430 677 22
Fixed - F. hepatica ES + E64 9110 456 177-3 36
F hepatica ES for 5, media O/N 12064 603 101-5 27
F hepatica ES + E64 for 5 h, media O/N 11618 581 220-30 41
© 2002 Blackwell Science Ltd. Perasite Immunology, 24, 57-66 63
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Figure 6 Effect of F. hepatica ES and recombinant cathepsin L on
the expression of the CD4 surface marker on human PBMCs. CD4
expression on control T cells is shown (a, shaded area). CD4
expression was substantially reduced on human PBMCs
preincubated with F. hepatica ES (200 pg/mi) for 5 h before staining
{b. shaded area). Expression of CD4 on human T lymphocytes was
ablated afier a 5-h incubation with either rFhCatL5 (30 pg/ml) (c,
shaded area} or rFhCatL69Y (20 pg/ml) (d, shaded area). The
black overlay on each plot shows the CD4 expression on T cells for
the same incubation performed i’ the nresence of E64 (10 um).
Data in each plot represent 20 000 ev s for cells stained with a PE
mouse anti-human CD4 immunoglo™ alin. Histograms show the
fluorescent intensity (x-axis) versus cell number (y-axis). This
experiment was performed five times in 1otal (using PBMCs from
three different volunteers) with duplicate incubations,

We then attemipted to identify the mode of action for
cathepsin L in suppressing celiular proliferation by studying
the interaction of F, hwepatica ES and F, hepatica cathepsin
L with a wide range of surface markers on sheep cells. It was
hypothesized that such interactions may be involved in
initiating suppression of cellular proliferation. F hepatica
ES was shown to significantly down regulate the level of CD4
expression on T lymphocytes. Experiments with fixed cells
confirmed that CD4 was cleaved from the surface of sheep
T cells and that CD4 expression could at least partially be
restored once F hepatica ES was removed from the system.
The addition of E64 to the incubations with F. heparica ES
completely ablated the suppressive effect on CD4 expression
levels, implying that cvsteine protease activity in F. hepatica
ES is totally responsible for the forementioned effects. To
extend these findings, two recombinant cathepsin L pro-
teases that show different substrate specificity (11) were
incubated with sheep T lymphocytes and, in both cases,
CD4 expression was iotally down-regulated. This effect was
also inhibited in the presence of E64. These results show
that F. hepatica cathepsin L selectively removes CD4 from
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the surface of sheep T lymphocytes. It was also shown that
F. hepatica cathepsin L down-regulated CD4 from the sur-
face of human T cells, suggesting that this effect of cathepsin
L is not specilic to ovine CD4,

We propose that this may be a major mechanism by which
F. hepatica can mediate immunomodulation of host T celi
responses. CD4 is a 65-kDa surface matker on T cells and
current research suggests that CD4 acls as a coreceplor
along with the TCR : CD3 complex in antigenic recognition
of MRC 11 (22.23). This coreceptor function of CD4 poten-
tiates signalling by 10-100-fold, greatly reducing the density
of ligand required for T cell activation (24-26). The bivalent
interaction of CD4 with the TCR ;: CD3 complex has been
shown to be nucessary for T helper cell activation and devel-
opment {22.23). Considering the importance of CD4 in
regulating host T cell activation, it is likely that cathepsin
L-induced cleavage of CD4 may be one of the mechanisms
utilized by F. hepatica to suppress lymphocyte proliferation
in sheep coniributing to evasion of the host’s immune
system and establishment of infection, but further studies
are required to establish 1his. The fact thit cleavage of CD4
by these fluke cathepsins aiso occors with human T cells
suggests that this may be a general mechanism used by this
parasite to establish infection and further work will determine
this by examining the efTects of cathepsin L on proliferation
of human T cells. Infection of mice with £, hepatica has been
shown to suppress Thi-like responses and to reverse the Thi
response 1o the Bordetella peritssis vaccine (27.28), Whether
these effects of fluke infection are linked to the down-
regulation of CID4 levels on murine T cells is yet to be deter-
mined. Future work will focus on characterizalion/identifi-
cation of the proposed site(s) of cleavage on human
recombinant CD4 and determining whethes F. fiepatica
cathepsin L also affects CD4* T cells in other hosts such as
cattle and rats.

While this is the first example of a cysteine protease
regulating CD4 expression Jevels on ovine T cells, two metallo-
proteases have been shown to exhibit similar effects. The
major surface glycoprolein (gp63) from the prolozoa Leish-
mania majer and L. donovani was also shown to selectively
cleave CD4 [rom human T cells (29). Simtlarly, the bacterial
Legionella pneumophilia protease was shown to degrade
interleukin-2 and cleave CD4 from human T cells {30). Both
of these reports suggest that the cleavage of CD4 may be the
method utilized by both Leisitmania sp. and Legionella sp.
to impede T cell activation, resulting in disease progression,

The importance of CD4* T cells in regulating helminth
infections has been well established in several hosts. For
example, genetic resistance of lambs to Haemonchus con-
fortus could be abrogated afier CD4* T cell depletion (31),
In mice, the CD4* T cell subset was demonstrated, through
depletion studies, 1o mediate expulsion of Trichinella spiralis
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from the gut (32). In Heligmosomoides polvgyus challenge
infections, mice are capable of inducing a protective
response, which significantly reduces development of new
adult worms by 70-80%. However. when mice were admin-
istered an anti-CD4 antibody, this exquisite resistance was
reversed (33). In primary infections with F liepatica,
increased lymphocyte proliferation attributable to CD4* T
cells has been observed in cattle (34.35). In direct contrasl,
the more susceplible sheep host shows diminished T
lymphocyte prolileration during inlection with F. fiepatica
(2}. This is unlikely to be the only factor governing acquired
resistance to fasciolosis as rats also exhibit a decrease in
CD4" lymphocytes levels during a primary infection (36).
Further work is aimed at examining the ellect of F. hepatica
cathepsin L on cattle CD4" T cells. It now appears likely
that CD4* T cells will be crucial players in host immunity to
F. hepatica as has been shown for other helminth infections.

To date, at least seven cathepsin L isoenzymes have been
identified on SDS PAGE gels or by cDNA cloning (8.10,11).
Analysis of cIDNA sequences for cathepsin L identifies three
clades and these can be separated into at least two func-
tional groups based on their substrate specificity at the P,
position (11). rFhCatLS belongs to group 1 which prefers a
phenylalanine at P2 and tFhCatL69Y belongs 1o group 2
which prefers a proline at P2. The resulls presented here
suggest that down-regulation of CD4 may be characteristic
of enzvmes from at least two of the clades. Further work is
needed to confirm a role for all cathepsin L isoenzymes in
regulating CD4 expression on sheep T cells.

The importance of cathepsin L isoenzyines in liver fluke
biology has been demonsirated in vaccine trials in ruminants.
Cathepsin L molecules have shown elficacy as vaccines
in cattle, sheep and rats (1,18,37-41). Protection in cattie
wilh cathepsin L vaccines against a challenge infection has
varied from 38% to 69%. The greatest protection {72%) was
observed for a combination vaccine which included the
fiuke derived antigens cathepsin L2 and Auke haemoglobin
{37.39). Protection in cattle appears 1o correlate with
induction of Ig(G2 antibodies to cathepsin L (39). These
results suggest that 1gG2 antibodies against cathepsin L
induce partial protection but the mechanism ol protection is
unknown. Anti-cathepsin L antibodies have been shown to
neutralize cathepsin L activity in vitre, which prevents
antiboedy-mediated attachment of eosinophils 1o the parasile
{42). Cathepsin L has been shown (0 cleave the Fc region of
human IgG at specific points (14) and a role for cathepsin
L in blocking antibody-dependent cell mediated killing of
F. hepatiea is feasibie since, in rats, killing of juvenile
F. hepatica i vitre has been shown (o be mediated by anti-
bodies and macrophages (43). Future work will involve
analysing the effect of vaccine-induced anticathepsin L anti-
bodies on down-regulation of CDH4 levels on sheep T cells.

© 2002 Blackwed! Science Ltd, Parasite Innnunology, 28, 57-66
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