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Abstract

Schistosoma mansoni is a trematode parasite that elicits a potent Th2 response in its
mammalian host. Schistosomes are powerful stimulators and suppressors of the immune
system, with these alterations in immune function permitting the parasite to live for up to 40
years in humans. In this thesis T cell responses during acute and chronic murine S. mansoni
infection were addressed. A novel mechanism of immune modulation in a worm-only
infection was identified, with cells from worm-infected mice having impaired T cell
proliferation, that was restored by addition of IL-2. F4/80" splenic macrophages from worm-
infected mice also induced anergy in naive CD4" and CD8" T cells. The inhibitory co-
stimulatory molecule PD-L.1 was shown to mediate this anergy. Levels of PD-L1 declined
during S. mansoni worm infection, and this correlated with a reduction in anergy induced by
the worm infection. This is the first demonstration that PD-L1 has been employed by a
pathogen to undermine the immune system.

[ showed that levels of PD-L1, its related molecule PD-L2, and their receptor PD-1 are
markedly up-regulated during worm-only and conventional worm-and-egg-infection. The role
of these molecules was addressed in S. mansoni infection using blocking antibody studies.
Blocking of PD-L1 and studies in PD-L1 ko mice suggest a potential role for PD-L1 in
regulating the type 1/type 2 balance in schistosome infection.

The role of regulatory T cells in infection was also examined in this thesis. I
demonstrated that the negative co-stimulatory marker CTLA-4, but not CD25, was involved in
the regulation of Th2 responses during S. mansoni infection.

These data provide novel findings on the role of regulatory cells and inhibitory T cell
co-stimulatory pathways during schistosome infection, and deepen our understanding of the

immunomodulatory mechanisms at play in schistosome infection.
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Chapter 1

1. Introduction
1.1 Function of the immune system

The immune system is a versatile defense organization, composed of many
interdependent cell types that have evolved to collectively protect animals from invading
pathogens. An immune system functions in two main ways: recognition and response.
Immune recognition is highly specific, and the body’s immune system can distinguish
between self and non-self molecules and cells. Once an invading organism has been
recognized, the immune system then recruits various cells to mount an effector response, to
eliminate or neutralize the organism. Subsequent exposure to the same invader induces a
memory response, with a faster and more intense immune reaction (Goldsby ef al., 2002).

1.1.1 Development of the immune response: innate and adaptive immunity

There are two main arms of the immune system, the innate and the adaptive. The
innate system recognizes non-self molecules and operates a wide range of immune
mechanisms that do not improve upon repeated exposure to infection. The innate response is
necessary to control pathogens at the early stage of infection while the adaptive immune
system is being primed. Adaptive immunity is an acquired immunity, which is highly specific
in recognizing antigens. It is controlled by both T and B lymphocytes. Memory to antigens is
developed which means that the acquired secondary response is faster and greater.

The physical barriers of the skin and mucosa provide the first form of innate defense
against pathogens. When these barriers are breached, innate effector cells are mobilized to
assist in pathogen clearance and mediate initiation of the acquired immune response.
Physiological barriers such as host temperature and pH also form part of the innate defenses,
and can restrict the growth of microorganisms. Other principal components of the innate

immune system include complement, interferons o and B, phagocytic cells and natural killer
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(NK) cells. Phagocytes such as neutrophils and macrophages can engulf microbes and induce
killing by reactive oxygen or reactive nitrogen species, or by antimicrobial factors.
Pathogen-derived molecules, or pathogen associated molecular patterns (PAMPs) are
recognized by innate cells such as macrophages and dendritic cells (DCs) through a series of
pattern recognition receptors (PRR). These PRR include the Toll-like receptors (TLRs), C-
type lectins such as the mannose receptor, dendritic cell specific ICAM-3-grabbing non-
integrin (DC-SIGN) and the SIGN-related (SIGNR) molecules, nucleotide oligomerisation
domain (NOD)-like receptors (NLRs), Retinoic acid inducible gene-1(RIG-1)-like proteiﬁg
(RIG-like receptors, RLRs), integrins and complement receptors. Each recognizes and binds
PAMPs to facilitate differential recognition of pathogens and microbial products. Stimulation
of these receptors causes an intracellular signaling cascade and an immediate defensive
response, which includes the production of an array of antimicrobial peptides and cytokines.
These innate cells can function as antigen presenting cells (APCs) to the resting cells
of the adaptive immune response. Exogenous antigens are engulfed and processed, before
being complexed with class I or class II major histocompatibility complex (MHC) molecules
on the surface of the APC. They are then presented to T cells. T lymphocyte cells ha\ll“e
specialized subsets, as defined by differences in the cluster of differentiation (CD) markers on
their surfaces. CD4 is a marker of T cell populations that promote activation and maturation
of B cells and cytotoxic T cells, and control antigen-specific chronic inflammatory reactions
through stimulation of macrophages. CD4 molecules, with the T cell receptor (TCR),
associate with the antigen-MHC II complex on the APC. CDS8" T cells are cytotoxic
lymphocytes that associate with MHC [ on APCs. The interaction of the TCR with MHC I or
Il containing the processed antigen peptides indicates the molecular identity of the pathogen.

However complete T cell activation requires two signals, as one signal alone produces
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unresponsiveness (anergy). The interaction of co-stimulatory molecules on the surface of T

cells and APCs provides the second signal.

1.2 Schistosomiasis

In Egypt in 1851 a young pathologist named Theodor Bilharz described a parasitic
worm infection (bilharzia) that was schistosomiasis. AAfter malaria, schistosomiasis is the
world’s most prevalent serious parasitic disease, estimated to affect 200 million people in 74
countries in the tropical regions of Africa, Asia and South America (Chitsulo et al., 2000). Of
this, 120 million people have symptoms, and 20 million dévelop severe illness (WHO, 2002).
The World Health Organsiation (WHO) reported that deaths due to this disease could be as
high as 200,000 a year, and that up to 600 million people live in areas at risk.

There are 13 genera in the schistosomidae family and of these, 5 species of
Schistosoma are known to infect man. The family is one of digenian trematode parasites, that
have two hosts; snails as intermediary hosts and birds and mammals as definitive hosts. They
have defined male and female individuals, i.e. they are dioecious. They infect the host by
surface penetration rather than by being ingested, as is the case in other digenian parasites, and
they reside in the vasculature of the definitive host.

Schistosoma intercalatum and S. mekongi are two of the 5 schistosoma species that
infect humans. However S. mansoni, S. haematobium and S. japonicum are the main parasitic
species as they are the most widespread geographically and have the greatest impact on human
health. The differences between these three species are outlined in Table 1. The life-cycle of
these major species were described in the first few decades of the last century, with Leiper

describing the life cycle of S. mansoni in 1915.



Chapter 1

Feature

S. mansoni

S. japonicum

S. haematobium

Location of adult
worm in host

Mesenteric veins

Mesenteric veins

Vesical plexus

Eggs passed in Faeces Faeces Urine
Egg shape Ovoid Round Ovoid
(size pm) (61x140) (60x40) (62x150)
Egg spine Lateral Lateral Terminal
(prominent) (reduced) (prominent)
Number of
eggs/female/day 100-300 3000-4000 20-300
Intermediate host
snail species Biomphalaria Oncomelania Bulinus

Geographical Africa: mainly sub-  China, Philippines, Africa: countries
distribution Saharan countries. Indonesia north and south of
S. America: mainly the Sarah
in Brazil Middle East.
Table 1. Characteristics of human Schistosoma species.

1.2.1 Life cycle of the schistosome

As mentioned above, the schistosome life cycle occurs in two stages; the intermediate
host, which is a freshwater snail, and the mammalian (definitive) host. The life cycle of S.
mansoni, the parasite used in this study, is outlined in Figure 1.1. Eggs are laid in the blood
vessels of the mammalian host. They contain a developing larva, a miracidium. A female
worm will lay a few hundred to several thousand eggs per day, depending on the species (see
Table 1). Schistosome eggs have a characteristic pointed expansion of the shell in a lateral or
terminal position, termed the spine. The eggs lodge against the vessel walls, aided by their
spines and adhesive exudates.

Peristalsis and the host’s immune response to the egg also

facilitate passage of the eggs to the lumen of the intestine or bladder. The miracidium secretes



S.mansoni worm pair in
mesenteric blood-vessels
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Figure 1.1. Life cycle of Schistosoma mansoni.
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lytic enzymes, which diffuse through the micropores of the eggs shell. These enzymes help
the egg penetrate the epithelium and basement membrane of the vein, and pass into the
intervening tissue, basement membrane and epithelial of the intestine (S. mansoni and S.
Japonicum), or bladder (S. haematobium). The eggs can then make their way out of the host.
S. mansoni and S. japonicum eggs are released in the faeces, and S. haematobium in the urine.
However many of the eggs laid by female S. mansoni worms are swept back with the blood-
flow to the liver where they get trapped in the sinusoids. The trapped eggs evoke an immune
response, which induces the formation of a granuloma around them. 9,

On contact with fresh water, and under certain environmental conditions, the excreted
eggs can hatch and release the free-swimming miracidia. Light, a temperature between 25-
30°C, and an osmotic pressure close to that of water are required for optimal hatching
conditions. To develop further into a primary sporocyst, the miracidium needs to penetrate the
soft tissue of a compatible freshwater snail. The miracidium is approx 70 um wide, and
between 70-150 um long, with numerous cilia that aid its movement through water. Aquatic
pulmonate snails of the genus Biomphalaria are the intermediate hosts of S. mansoni, while
Oncomelania and Bulinus snail species are the hosts for .S, Jjaponicum and S. haematobium,
respectively. Miracidial secretions and mechanical boring facilitate the penetration of the
miracidia into the soft tissue of the snail. In the next 48 hours it develops into a primary
sporocyst, which matures over 8-10 days to produce a number of secondary sporocysts which
then migrate to the hepatopancreas and gonads of the snail. The sporocysts asexually replicate
and after 4-7 weeks thousands of cercariae are produced. Under the most favorable conditions

of light and temperature, the cercariae are shed from the snail tissues into the water. Light
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after a period of dark is the optimal period for shedding. The schistosome life-cycle continues
if an infective cercaria penetrates the unbroken skin of the primary host.

Cercariae are approx. 1 mm long, with a tegument body and a tail that is Y-shaped at
the end, known as a furca. They burrow into the skin using their oral sucker to adhere, and
also through use of digestive enzymes and strong tail activity. Once in the host, cercariae lose
their tail and transform into schistosomula, before entering into a nearby vein or lymphatic
vessel. Soon after they enter the blood stream and migrate passively through the right side of
the heart, pulmonary capillaries, back through the left side of the heart and eventually to the
hepatic portal system (S. mansoni and S. haematobium), or the blood vessels surrounding the
bladder (S. japonicum). It is here where maturation into adult male and female worms occurs.
The male schistosome worm is essential for the female to fully mature, and they remain in
close proximity to each other. The male clasps the female in a longitudinal ‘schist’ or
gynaecophoric canal, and the female begins to lay eggsr. This takes 28-30 days from the point
of original infection.

1.2.2 Human S. mansoni infection

In a study in sub-Saharan Africa, it was estimated that S. mansoni caused 130,000
deaths a year in the area, with 13.6 million people suffering morbidity (van der Werf et al.,
2003). As mentioned earlier, in endemic areas, only a small portion of infected people may
display severe symptoms (Jordan er al., 1993). The estimated average life span of a
schistosome is 5-10 years, although adult worms can live for decades (Fulford et al., 1995).
Indeed it was shown that immigrants coming from areas where schistosomes are endemic can
remain infected for 30 to 40 years (Whitty er al., 2000). The range of morbities caused by
schistosome infection is influenced by the nature of the induced immune response and its

effects on egg granuloma formation and associated pathologies in target organs. Severity of
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the disease varies greatly between individuals, with host genetics, infection intensity, in utero
sensitization to schistosome antigen and co-infection status all contributing to development of
the immune response. So while some infected individuals develop granulomatous disease and
organ failure, leading to death due to hepatosplenic schistosomiasis, others display no clinical
symptoms, and host and parasite live in harmony together for many years. . manson“i
infection of man can be sub-divided into two main clinicai conditions, acute schistsosomiasis
and chronic schistosomiasis.

1.2.3 Acute schistosomiasis

Acute schistosomiasis is also known as Katayama fever. Patients usually present with
symptoms 2-12 weeks after contact with contaminated water. Granulomas form around the
eggs that are deposited in tissue such as the liver and intestine, and it is often the immune
response to egg deposition that induces the symptoms of acute schistosomiasis. Disease
severity generally coincides with maximal egg-laying, between 6-8 weeks post-infection
(Rabello, 1995). Symptoms include fever, headache, general malaise, right-upper-quadrant
pain, bloody diarrhea and tender hepatomegaly. Up to 70% of S. mansoni patients develop
respiratory symptoms, and all have marked eosinophilia. Splenomegaly is present in one third
of cases (Ross et al., 2002).

Patients with acute disease have elevated levels of the pro-inflammatory cytokines
tumour necrosis factor-alpha (TNF-a), interleukin-6 (IL-6) and IL-1 in plasma and
supernatant from peripheral blood mononuclear cells (PBMCs) compared to patients with
chronic disease (de Jesus et al., 2002). Stimulation of PBMCs with the parasite antigé'ﬁi
soluble egg antigen (SEA), induced a dominant T helper (Th) 1, rather than a Th2 response in
acutely-infected individuals, whereas a Th2 response was elicited in chronically-infected

patients (de Jesus ef al., 2002). As the disease progresses, the Th2 response that develops in
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response to the egg antigens may down-regulate the production and dampen the effects of the
pro-inflammatory cytokines, and it is believed that this process could be mediated in part by
the regulatory cytokine IL-10 (Montenegro et al., 1999).

Acute schistosomiasis is a problem for travelers to areas endemic for the disease, and
for previously uninfected individuals. It is rare for people born in areas endemic for the
disease to develop acute schistosomiasis. One reason for this may be that in wtero
sensitization or sensitization as an infant may render individuals less likely to develop such a
severe pro-inflammatory response upon first infection with schistosomes (King ef al., 1998;
Malhotra et al., 1997).

1.2.4 Chronic schistosomiasis

Schistosome infection progresses into the chronic phase after the acute symptoms
recede. Chronic schistosomiasis is graded according to severity, and can be divided into
intestinal and hepatosplenic forms of the disease. Irregular bowel movements, diarrhoea,
bloody faeces and abdominal pain are characteristics of the intestinal form of schistosomiasis
(Zhou et al., 1998).

The hepatosplenic form of the disease is more serious, and can be life-threatening. It is
characterized by an over-sized liver and spleen, with severe hepatic and periportal fibrosis
(PPF), portal hypertension and porto-systemic shunting of venous blood being common
features of the disease. The intensity and duration of infection determine the amount of egg
antigen released and the severity of chronic fibro-obstructive disease that accompanies egg
deposition. Although granulomas destroy the ova, they fesult in fibrotic depositions in the
host tissues. As mentioned earlier, most granulomas occur where egg deposition is maximal,
i.e. in the liver and intestine, however periovular granulomas have been found in such tissues

as the skin, lung, brain and skeletal muscle (King, 2001). Severe hepatosplenomegaly is also
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associated with the production of high levels of the Thl cytokines TNF-a and interferon-y
(TFN-y), and elevated levels of soluble TNF receptors (Mwatha ef al., 1998). Individuals who
had less severe disease, but a similarly intense infection, had Th2 responses and low plasma
levels of soluble TNFR (King, 2001).

Genetic predisposition may play a role in the outcome of disease among individuals.
Dessein and co-workers showed that advanced hepatic fibrosis appeared to be closely linked
to a polymorphism in the IFN-y receptor gene (Dessein et al., 1999). In a study of a
population living in an endemic area for S. mansoni in the Sudan, two polymorphisms on the
IFN-y gene were shown to be associated with periportal fibrosis (Chevillard et al., 2003).

IFN-y +2109 A/G polymorphism is associated with a higher risk for developing PPF, while
the IFN-y +3810 G/A polymorphism is associated with less PPF. Resistance to re-infectidg
with S. mansoni is associated with another locus (SMI) and is located on chromosome 5q31-
q33 (Rodrigues et al., 1999), with the gene product of this locus involved in regulation of the
development of Th2 cells. Within this locus subjects with an IL-13-1055T/T genotype were
on average much less infected with S. haematobium than individuals with other genotypes
(Kouriba et al.,, 2005), while IL-13-1055C/T and IL-13-591A/G polymorphisms were
associated with S. haematobium infections (Kouriba et al., 2005).

Individuals living in areas endemic for schistosomes are often also at risk of infectior}
from other parasites. Co-infection with other parasites can cause difficulties when trying to
assess the prevalence and degree of morbidity due to chronic S. mansoni infection. Co-
infection with hepatitis B (HBV) or hepatitis C virus (HCV) and S. mansoni is associated with

more rapid deterioration of liver function (Aquino ef al., 2000). Exacerbated hepatosplenic

disease is also found in patients with both schistosome and malaria infections (Booth et al.,
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2004). However an association of S. haematobium infection with protection against acute
Plasmodium falciparum malaria was found in young (aged 4-8) Malian children (Lyke ef al.,
2005).
1.2.5 Treatment and control measures
1.2.5.1 Treatment

The schistosomidal drug, praziquantel was discovered in the mid-1970’s (Thomas and
Gonnert, 1977). It has been used extensively to treat and control the disease, especially in
sub-Saharan Africa; it is relatively cheap, and is also safe and efficacious (Hagan et al., 2004).
It is absorbed well by the patient, but undergoes extensive first-pass hepatic clearance. The
drug functions by inducing paralytic muscle contraction and tegumental disruption in the adult
worm, these are believed to be due to changes in calcium flux (Cioli and Pica-Mattoccia,
2003). The worms detach from the wall of the vein and die. New worm targets for immune
attack by the host are revealed upon the tegumental disruption (Harnett and Kusel, 1986), and
the treatment of disease has been shown to be immune-dependent (Fallon et al., 1992). In
mice, the presence of host antibodies is crucial for the drug to work (Brindley and Sher, 1987).
Although this may highlight concerns for the treatment of individuals that are co-infected with
HIV, Karanja and co-workers found no difference in the effect of praziquantel in patients who
were co-infected with HIV-1, regardless of whether such persons had low CD4" T cell counts
(Karanja et al., 1998). However, a more recent study in Uganda has shown that treatment of
S. mansoni infection leads to an increase in helminth-specific type 2 cytokine responses, and a
subsequent increase in HIV-1 viral load in co-infected individuals (Brown et al., 2005),
making the use of this drug undesirable in HIV-infected patients.

After nearly 20 years of intensive use, treatment failure with praziquantel has been

demonstrated in studies in Egypt and Kenya (Ismail ef al., 1999; William et al., 2001). This is
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V2l

due to drug resistance, or the stage-specific efficacy of the drug. Schistosomes are susceptible
to praziquantel only in the first 2 days after infection, at the schistosomula stage, and then
again 4 weeks later when the adult worms have matured (Sabah ef al, 1986). So
administration of praziquantel does not kill the migrating schistosomula, and they continue
their journey through the vasculature, where they mature and the females begin to lay eggs
(Fallon ef al., 1996). Drug resistance is also a factor, with various groups demonstrating this,
both in the field and in the laboratory (Fallon and Doenhoff, 1994; Fallon ef al., 1995; Ismail
et al., 1999). However a lack of drug efficacy in the geographical areas where reported
‘resistance’ was observed has also been suggested for the treatment failure. Oxamniquine is
another drug that can be used to treat S. mansoni, but it has limited availability. It may be
necessary to increase access to this drug if widespread resistance to praziquantel develops.

The use of drug treatment to prevent schistosomiasis is another way to control for the
disease. However praziquantel is inefficient in this manner, as it has a half-life of only 1 to
1.5 hours, and because of its stage-specific efficacy, as discussed above. The anti-malarial
drug Artemether, can kill schistosomula during the first 21 days in the body, and fortnightly
treatment with the drug was successful in reducing the number of new cases of S. japonicum
in a study group in southern China (Xiao et al., 2000). Although the prospects for the use of
this drug as a chemoprophylactic are good, it is unlikely that this drug will be used in areas
endemic for malaria, as it could inadvertently result in the selection of artemether-resistant
Plasmodium falciparum (Ross et al., 2002).
1.2.5.2 Control measures

Although treatment of schistosomiasis with drugs such as praziquantel is efficient in
reducing the morbidity associated with schistosomiasis, the fact that it is only prevalent in

certain areas of the world indicate that environmental factors play a major role in the spread ‘6f
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the disease. Proper control measures need to include environmental management, sanitation
and education, in addition to drug treatment. Control of schistosomiasis can involve
disruption of the life-cycle of the parasite at one or more of its life stages, outlined below. ¥
As discussed in the previous section, drug treatment kills the adult worms in the
definitive host to prevent any further egg-laying. Adequate water sanitation systems can
prevent the eggs in the faeces or urine from reaching snail-infested waters. The removal or
killing of the intermediate host, the snail, from waters that humans use, or providing ‘safe
water’ to prevent contact with cercariae are all important control measures. Governments in
emerging 2" world’ countries such as Brazil, China, Egypt and Morocco have adopted
measures such as installing proper water supplies and sewage treatment, and initiating primary
healthcare and education programs. These have proved to be successful in the control o%
schistosomiasis (Hagan ef al, 2004). In Egypt, the widespread campaign to treat
schistosomiasis using intravenous tartar emetic, which ceased in the 1980’s, has had the
unfortunate consequence of creating a high prevalence of hepatitis C virus-infected
individuals, due to the re-use of contaminated needles. HCV has replaced schistosomiasis as
the principal cause of chronic liver disease in Egypt (Frank et al., 2000; Strickland, 2006).
Japan has successfully eradicated S. japonicum infections by initiating the measures
mentioned above, but mainly through the eradication of the intermediate snail host using
molluscides (Hagan ef al., 2004). Natural molluscides are also under investigation. The
endod (Phytolacca dodecandra) is an extensively studied plant molluscide (Webbe and
Lambert, 1983); it is potent but with no major toxic properties for other animals and plants. A
study in Ethiopia from 1994 to 1999 investigated the locally available endod as a suitable
molluscide for the control of the Biomphalaria pfeifferi population. Endod berry powder soap

was given to locals every week, and snail-infested waters were drip-fed or sprayed with the
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molluscide every 3 months. Results showed that endod-spray could obtain 100% snail
mortality 24 h after application. In the stream where the endod berry soap was used for
laundry, 59% of sentinel mice exposed to stream water before the soap was used became
infected with S. mansoni, but only 11% of mice exposed to the water after the use of endod
soap became infected, suggesting that endod is a suitable schistosomiasis control agent in
Africa (Abebe ef al., 2005). Laboratory studies on the use of the Ghanaian strain of the snail
Lanistes varicus to control the population of Biomphalaria pfeifferi also suggest that this could
have potential as a biological control measure against schistosomiasis (Anto ef al., 2005).

Disease control measures are not being implemented in all areas endemic for the
disease, with a lack of financial support for control programs and unstable governments in
some sub-Saharan countries (Chitsulo et al., 2000). In fact, schistosomiasis continues to
spread to new geographic locations, even with the major advances in disease control. The
construction of the Diama Dam on the Senegal River caused the introduction of S. mansoni
into Mauritania and Senegal, also the Aswan Dam in Egypt led to the virtual elimination of S.
haematobium from the Nile Delta, it resulted in the establishment of S. mansoni in upper
Egypt. Population displacement and refugee movement has introduced S. mansoni into
Somalia and Djibouti (Patz et al., 2000; Ross et al., 2001).

The recent re-evaluation of the disease prevalence and its impact according to
disability weighting (disability-adjusted life year) DALY, show that schistosome infection
remains a serious health problem (King et al., 2005). As discussed earlier, although the
control measures are crucial to limit the spread of disease, they are often costly and difficult to
sustain, particularly in poor financial and political climates. This, and the limitations of drlfg
treatment mean that the development of a vaccine, or a reliable prophylactic, is an attractive

alternative to efficiently control the disease in the long term.
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1.2.6 Vaccines

The WHO commissioned an independent trial of the six most promising vaccine
candidates against S. mansoni 15 years ago. The results were disappointing as none gave
greater than a 40% protection in mice, and immune responses to the candidates in human
studies did not indicate that any had great potential as a successful vaccine (Bergquist ef al.,
2002). Despite the limited efficacy in mice, paramyosin, triose phosphatase isomerase and
Sm14, which binds fatty acids, are under further development as vaccine candidates
(Hewitson ef al., 2005). Glutathione-S-transferase (Bilhvax) from S. haematobium is probably
the most advanced of vaccine candidates, with Phasel/Phasell clinical trials having been
performed (Capron ef al., 2005). A number of other vaccine candidates have been identified
since and may yet hold long-term promise.

Although animal studies have never shown 100% protection for schistosome vaccines,
the general consensus is that some protection is better than no protection at all (Pearce, 2003).
Adjuvants have been used to increase the potency of partially protective vaccines. The use of
Thl (IL-12 or IL-2), but not Th2 (GM-CSF or IL-4), enhancer cytokines, was found to
increase protective immune response induced by the S. mansoni vaccine candidate Sm-p8(5
(Siddiqui et al., 2005). The vaccine was administered to mice in the form of a DNA vaccine
formulation containing Sm-p80 (the large subunit of calpain) and one of the Thl or Th2
enhancer cytokines. Almost complete protection of mice was also demonstrated when IL-12
was used as an adjuvant with radiation-attenuated cercariae (Wynn et al., 1996). However
others have shown that modulating the schistosome-induced immune response by addition of
Thl adjuvants could have potentially fatal effects (Rutitzky et al., 2001).

The search for a vaccine has been helped by the recent work on the schistosome

genome sequencing project (Verjovski-Almeida et al., 2003). Instead of isolating molecufés
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from the parasite to use as vaccines, many studies have focused on developing o
(recombinant) and 3" (DNA) generation vaccines, and the genome project has aided the
identification of a number of vaccine candidates (Mountford, 2005).

There has been some recent success with regard to recombinant schistosome vaccines.
Tran and co-workers targeted schistosome proteins that were expressed on the outer
membrane of the tegument, at the host-parasite interface. Signal sequence trapping was used
to identify cDNAs that had membrane-targeting signals and that could putatively be expressed
in the tegument. Two cDNAs of interest were identified that encoded tetraspanin (TSP)
proteins. The major ligand-binding domain of the protein was expressed and purified as a
soluble fusion protein with E. coli thioredoxin. Murine studies using recombinant TSP-2
demonstrated 57% and 64% reduction in adult worm and liver egg burdens respectively upo?1
subsequent infection with S. mansoni compared to mice given thioredoxin alone. That
recombinant TSP-2 is strongly recognized by IgGl and IgG3 from naturally resistant
individuals, but not unexposed or chronically infected individuals is also promising for the
potential use of this vaccine in human schistosomiasis (Tran ef al., 2006).

Until the recent studies on recombinant tetraspanin vaccine antigens, the vaccine
model that provided the highest protection against schistosomes was the radiation-attenuated
vaccine (RA), whereby infective cercariae are attenuated by ionizing radiation (gamma, X-
rays, or UV). To date 2" and 3" generation molecule-specific vaccines have never equaled it
in terms of efficacy. The RA vaccine against S. mansoni has been shown to protect in mice
and rats (Anderson et al., 1998; Ford ef al., 1984), and also against infection in non-human
primates such as baboons and chimpanzees (Eberl ef al., 2001; Soisson et al., 1993; Yole et
al., 1996). The method by which the RA vaccine induces protection against S. mansoni is

complex, involving Thl-associated cell mediated immune respones, and Th2 or Thl-
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associated humoral responses. The genetic background of the host, and the vaccine course of
therapy all play a role in the generation of an immune response to the vaccine (Hewitson et al.,
2005). The RA vaccine does not give sterile immunity, and it is hypothesized that
administration of the vaccine also induces a self-limiting regulatory mechanism. IL-10 may
play a role in this regulation, as IL-10" mice have increased levels of protection (Hoffmann et
al,, 1999). TGF-p has also been implicated (Williams et al., 1995), and works on the
identification of other molecules and cell types involved in this regulatory mechanism are on-
going (Hewitson et al., 2005).

The success of the RA vaccine in non-human primates is welcoming, as the vaccine
regime is more physiologically relevant to humans. The vaccine also works on previously
infected animals, which is important, as that would most likely be the case if one were to
administer the vaccine to humans in areas endemic for the disease. However some 20 years
ago, the use of attenuated cercariae in humans was not considered ethically acceptable (Vd};
Lichtenberg, 1985), and this has not changed significantly today (Hewitson et al., 2005). The
intimate studies on immune response to RA vaccines will enable greater understanding of the
immune mechanisms involved, and ultimately may lead to the generation of more efficient 2"
and 3" generation vaccines.

1.2.7 Murine S. mansoni studies as a model for investigations into schistosomiasis

Mice can harbour a stable infection of S. mansoni, and have become a standard
experimental model, with studies on experimental infections of mice being published since
1915. In addition, the intermediate host of S. mansoni, Biomphalaria glabrata, is relativel;/
easy to maintain in the laboratory. There are many discrepancies between experimental
infection of mice and natural infection of humans (Fallon, 2000), and there has long been a

call for parallel human studies to complement murine experiments (Warren, 1964). However

16



Chapter 1

the mouse model of S. mansoni infection has lead to greatly increased understanding of the
immunological basis of the disease, especially since the advent of new transgenic mouse
technology. The access to cells from multiple tissues, other than just peripheral blood, as is
the case in human studies, also enables us to examine immune events in more detail in the
murine system. It has become a very useful model for the study of many aspects of
granulomatous inflammation and fibrosis, and also in the study of the regulation of the Thl

versus Th2 response. I describe studies on S. mansoni infection of mice in this thesis.

1.3 Innate Immunity

The anatomical and physiological barriers that form part of innate immunity have been
outlined above (section 1.1.1). The importance of the TLR family of pathogen recognition
receptors in host defense is now well established. The function of C-type lectins as PRRs has
re-ignited interest into this diverse group of molecules in recent years, as have significant
advances in the understanding of other pathogen sensor families, the NLRs and RLR. They all
provide important links between innate and adaptive immunity. Future studies may address
what interplay occurs between these families of innate immune receptors, and further our
understanding of the complexities of innate immunity. These pathogen sensor families are
further described in the following sections.
1.3.1 Toll-like receptors

Toll-like receptors are type 1 transmembrane receptors, with Toll being first described
in Drosophila as a critical molecule for embryonic patterning, and subsequently also in anti-
fungal immunity (Lemaitre et al., 1996). TLRs recognize PAMPs through the leucine-rich
repeats (LRRs) in their extracellular domains. These LRRs have been implicated in auto-

regulation and ligand binding. They contain a Toll-IL-1R (TIR) domain in the cytoplasmic
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portion of the molecule, however the extracellular domain' of IL-1R is considerably different
to the TLRs (Akira et al., 2001). TLRs are evolutionarily conserved from insects to humans.
To date, eleven TLRs have been identified in humans and mouse genome searches havé
identified thirteen, with TLRs 1-9 conserved between both species (Takeda and Akira, 2005).

Lipids, carbohydrates, nucleic acids and various proteins are among the PAMPs that
are recognized by TLRs. The TLRs signal through their TIR domain, and share some
downstream signaling molecules with members of the IL-1R family. TLR signaling can lead
to activation of several transcription factors such as nuclear factor-kB (NF-kB) and interferon
regulatory factors (IRFs), which can induce expression of a number of immune response
genes. Different adaptor molecules can associate with the intracytoplasmic region of TLRs_,
these adaptors include MyD88, Mal (TIRAP), TRIF and TRAM. An overview of TLR ligand
recognition and signaling through TLR4 as an example is outlined in Figure 1.2. Some TLRs
are associated with the plasma membrane of the cell, while others are localized in intracellular
compartments, such as the endosome (Dunne and O'Neill, 2005; Takeda and Akira, 2005).
TLR 1, 2, 4, 5 and 6 reside mainly in the plasma membrane, while those TLRs that recognise
nucleic acid derivatives (TLR 3, 7, 8 and 9) are localized to the endosome (Fig. 1.2). They
require endosomal maturation in order to recognise their ligands.

TLRs have two primary functions; induction of inflammation and the establishment of
adaptive immunity. TLRs can activate the complement cascade and induce anti-microbial
proteins and peptides. TLR signaling induces production of cytokines such as IL-1, IL-6 and
TNF-a, which stimulates chemokines and recruits inflammatory cells to the infected site.
They also enhance phagocytosis and killing of microbes by phagocytes such as macrophages

and neutrophils. Type 1 interferons that are induced by TLRs are critical for anti-viral
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Figure 1.2.  Toll-like receptors and their ligands. A simplistic overview of signaling
through the TLR4 receptor: TLR4 detects LPS, which is specific to Gram-negative species.
A TIR domain-containing adaptor, MyD88, associates with the cytoplasmic TIR domain of
TLRs, and is also dependent on Mal (TIRAP). IRAK is recruited to the receptor upon
ligand binding, which then activates TRAF6. This activates the IkB kinase complex,
which phosphorylates IkB and leads to the nuclear translocation of NFkB which induces
transcription of genes for inflammatory cytokines. Activation of IRF-3 and induction of
IFN-B occurs via the MyD88-independent pathway. The adaptor TRIF is essential for this
pathway, and the adaptor TRAM is specific to the TLR4-mediated MyD88-
independent/TRIF-dependent pathway. TLRs are in purple, adaptor proteins are shown in
blue, and transcription factors in orange. Modified from (Dunne and O'Neill, 2005;
Takeda and Akira. 2005: Kaisho and Akira. 2006).
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immunity. TLRs also form a link with adaptive immunity. Engagement of TLRs on DCs
activates these cells and leads to upregulation of MHC and co-stimulatory molecules. The DC
migrates to lymph nodes where it then interacts with and presents antigen to naive T cells, thus
stimulating an adaptive immune response (Kaisho and Akira, 2006; Pasare and Medzhitov,
2004).
1.3.2 NOD-like receptors

The nucleotide oligomerisation domain (NOD)-like receptor family (NLR) is a family
of proteins that are involved in the intracellular recognition of bacteria. Like the TLRs, the C-
terminus of the protein contains leucine rich repeats, which is implicated in ligand binding and
auto-regulation (Tschopp et al., 2003). The N terminus contains an effector domain, usually a
Pyrin domain (PYD) or a caspase-recruitment domain (CARD). A role for some of the NLR
proteins in pro-inflammatory caspase regulation and activation has been identified (Ting and
Davis, 2005). NOD1 and NOD?2 are perhaps the best studied of the NLR family. They bind
to subcomponents of bacterial peptidoglycan (PGN); D-glutamyl-meso-DAP (mDAP) and
muramyl dipeptide (MDP) respectively (Girardin et al., 2003a; Girardin et al., 2003b). Upon
recognition of PGN motifs by NOD1 and NOD2, they can oligomerise and recruit Rip2/RICK,
which is a serine/threonine kinase. This recruits the IKK complex and allows NF-xB
activation. Mutations in the NOD2 gene have been implicated in the inflammatory bowel
disorder, Crohn’s disease, and also with Blau syndrome, which is a disease characterized by
granulomatous arthritis, uveitis and skin rash (Miceli-Richard et al., 2001; Ogura et al., 2001).
Various NLRs have also been implicated in caspase-1 activating complexes, termed

inflammasomes, which then leads to IL-1p processing, which is essential for host defense and

inflammation. An integrated response from the TLRs and NLRs is required to induce IL-1P
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production, as TLR priming is essential in addition to inflammasome activation (Creagh and
O'Neill L, 2006; Kanneganti ef al., 2006).
1.3.3 RIG-1-like receptors (RLRs)

Retinoic acid inducible gene-1 (RIG-1) and melanoma differentiation-associated gene
(MDA)-5 are two members of the RLR family of proteins that function as viral sensors (Kang
et al., 2002; Yoneyama et al., 2004). They are similar to the anti-viral TLRs in that their
signaling pathway also activates NF-xB and IRF3, and that they induce transcription of
similar genes (type 1 interferons). They also contain the CARD domains present in NLR
family members. RLRs are widely expressed and are upregulated upon IFN-oo and
activation. While the anti-viral activity of TLRs is primarily limited to detection by
plasmacytoid DCs, RLRs can protect all virus-infected cells. Some viruses have evolved to
evade the RLR mechanism of anti-viral immunity, and produce proteins that inhibit RLR
signaling (Meylan et al., 2005).

1.3.4 C-type lectin receptors

C-type lectins receptors (CLRs) are expressed on APCs and are involved in pathogé\r‘l-
capture, processing and antigen presentation, which activate immune responses against these
pathogens. Some members of this family are more involved in immune regulation, as
pathogens hijack the function of the CLR to evade immune surveillance. These receptors also
interact with a range of endogenous ligands during the immune response, implicating roles for
these molecules not only in pathogen recognition but also in cell adhesion or homeostasis
(Geijtenbeek et al., 2004). CLRs are principally type II transmembrane receptors that
recognize their ligands through the structurally related Ca®'-dependent carbohydrate-

recognition domain (CRD). Such CLRs include dendritic cell specific ICAM-3-grabbing non-
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integrin (DC-SIGN), the related murine receptor family SIGN-related SIGNR(1-4), dectin-2,
langerin, and blood DC antigen-2 (BCDA-2). Type I CLRs have multiple lectin-like domains,
although not all are capable of acting as functional CRDs. These include the mannose
receptor and DEC-205. Although dectin-1 is a type II CLR, it does not have a standard @t
dependent CRD (McGreal et al., 2005).

Ca**-dependent CLRs can be broadly divided into two main categories; those that
recognise mannose-type ligands and those that recognise galactose-type ligands. Although
there appears to be overlapping ligand specificity among the range of CLRs, distinct functions
for each receptor are observed with differences in temporal and locational expression of the
CLRs, differing degrees of cell-surface multimerisation, and also differing contexts in which
the ligand is recognised. The CLR DC-SIGN interacts with a wide range of pathogen-derived
and endogenous ligands. It binds through high mannose glycans to viruses such as HIV and
dengue virus, to mycobacterium tuberculosis and the Lewis* antigen in S. mansoni egg
antigens and in the LPS of Helicobacter pylori. 1t also binds the cellular ligands ICAM-2 and
ICAM-3. DC-SIGN can mediate internalization of ligands for antigen presentation (Engering
et al., 2002), and HIV has exploited this function to gain access to CD4" T cells (Geijtenbeek
et al., 2000).

Murine SIGNRI also binds various high mannose structures, and is essential for t};e
clearance of Streptococcus pneumoniae by marginal zone macrophages (Lanoue et al., 2004).
A further role for SIGNR1 in innate immunity has recently been demonstrated, whereby
SIGNR1 was critically implicated in the activation of a dominant complement fixation
pathway for pneumococcal polysaccharides (Kang et al., 2006). SIGNRI can directly bind
the complement C1 subcomponent Clq to allow assembly of a C3 convertase without the

traditional requirement for either antibody or factor B.
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Futher cross-talk between components of the innate immune system has been
suggested, with speculation that CLRs can act in synergy with members of the TLR family.
Both the mannose receptor and DC-SIGN can bind to Candida albicans, while TLR4" mice
show enhanced infection rate of Candida, suggesting that the CLRs are required for antigen
uptake and processing, while the TLR is required for complete activation of the downstream
immune response. In contrast, MR” mice show poor clearing of serum proteins but do not
suffer from systemic Candida infections (Lee et al., 2002; Lee et al., 2003). Mannosylated
lipoarabinomannan (ManLAM) is a mannose-capped glycolipid on the cell wall of M
tuberculosis. DC-SIGN can bind this to mediate capture and internalization of the pathogen,
and it has been shown that in doing so, ManLAM inhibits IL-12 and stimulates IL-10
production in DC that have been activated by TLR stimuli (Geijtenbeek ef al., 2003). The
expression of co-stimulatory molecules is also down-modulated. This is a potentiéix‘l
mechanism by which the simultaneous activation of a CLR and TLRs can result in immune
escape for the pathogen, by shifting the balance of the immune system from a protective
inflammatory response towards a tolerogenic Th2 response.

1.3.5 Innate response to schistosome infection

As mentioned earlier, the first form of innate defense against pathogens is often in the
form of the physical barriers of the skin or mucosa. Schistosoma mansoni cercariae gain entry
to the host through the skin, and migration through the skin layers induces inflammatory
reactions (Mountford and Trottein, 2004). In the mouse model of S. mansoni infection, ovéf
90% of larvae have successfully exited the skin within the first 5-7 days of infection
(Mountford et al., 1988). Macrophage inflammatory protein (MIP)-lac and MIP-1B are

released immediately upon the presence of schistosome larvae in the skin. Expression of pro-
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inflammatory cytokines IL-1p and IL-6 rapidly ensues, with other cytokines such as IL-12 and
IL-18 induced as the response progresses. Infiltration of innate immune cells occurs, and
these cells are activated. Once activated, innate immune cells with antigen-presenting
capacity such as macrophages and DCs can then emigrate from the skin to the skin-draining
lymph nodes, to stimulate the adaptive immune response.

Studies using TLR4™ and MyD88"" mice demonstrated that schistosome larvae can
stimulate macrophage cytokine production through both TLR4-dependent and independent
pathways, although MyD88 was critical for both IL-12p40 and IL-6 production (Jenkins et al.,
2005). The activation of TLR pathways by schistosome larvae was mediated by the glycan
components present, as sodium meta-periodate treatment almost ablated the production of
cytokines (Jenkins et al., 2005). DCs activated by such schistosome larvae products also
expressed some IL-12p40 and IL-6, and drove Th2 polarisation of CD4" T cells (Jenkins and
Mountford, 2005). However ligation of the tumor necrosis factor receptor (TNFR) family
member CD40 on DCs altered the immune polarisation profile of the schistosome larvae-
activated DCs to induce a more Thl-type response (Jenkins and Mountford, 2005).

Many pattern recognition receptors involved in the innate response have been shown to
interact with schistosome antigens. Certain  schistosome worm lipids (lyso-
phosphatidylserine) can modulate APCs (human DCs) to induce regulatory T cells via TLR2
(van der Kleij et al., 2002). In addition it has been shown that a schistosome carbohydrate
(lacto-N-fucopentaose III) functions as an innate Th2 promoter, by inducing maturation of a
dendritic cell type 2 (DC2) phenotype via a TLR4-dependent mechanism (Thomas et al.,
2003). However Jankovic and co-workers have shown that conditioning of DC for Th2
differentiation by SEA (soluble egg antigen) was MyD88 independent (Jankovic et al., 2004).

This is in agreement with previous studies that demonstrate normal development of Th2
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responses to SEA in MyD88” mice (Jankovic ef al., 2002). Although TLR4 can also signal
through pathways other than the MyD88 pathway, Jancovic and co-workers also showed that
SEA-induced Th2 differentiation could also occur in TLR4” DC. In a study of S. mansoni-
infected MyD88'/' mice, Layland and co-workers reported a lack of antigen-specific Thl
responses and subsequent alterations in granuloma formation and composition (Layland ef al.,
2005). The dendritic cell-specific C-type lectin DC-SIGN has also been shown to bind SEA,

with the glycan antigen Lewis™ being critically involved in the binding (van Die e al., 2003).

1.4  Adaptive Immunity
1.4.1 Macrophages: classically-activated versus alternatively-activated
Macrophages are essential for host defense. They are involved primarily in innate, but
also in adaptive immunity, and display a wide variety of biological functions, including
phagocytosis, killing and pro- and/or anti-inflammatory activities. Macrophages can also
function as antigen presenting cells, and signal adaptive responses through co-stimulatory
molecules and antigen presentation, in addition to cytokine secretion. Microbial antigens and
effector T cells, and their secretory products, influence the activation state of macrophages.
The concept of two major macrophage classes has developed in the past few years, with Stein

and co-workers describing ‘alternatively’ activated macrophages (aaM¢) as being

phenotypically distinct from the traditional ‘classically’ activated macrophage (caM¢) (Stein
etal., 1992).

‘Classical’ immune activation was demonstrated in the 1960s, with the observation
that infection of mice with Mycobacterium bovis bacillus Calmette-Guerin (BCG) or Lysteria

monocytogenes enhanced the antimicrobial activities of macrophages in a stimulus-dependent,
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but antigen-non-specific, manner (Gordon, 2003). Activation of these classical macrophages
requires priming by the Thl cytokine IFN-y, secreted by Thl lymphocytes, and a cytokine
network involving IL-12 and IL-18, produced by APCs. When the primed macrophage
encounters a pro-inflammatory microbial product, such as LPS, it becomes classically
activated. They display a Thl-type phenotype, promoting inflammation, extracellular matrix
(ECM) destruction, and apoptosis. caM¢ characteristically produce nitric oxide (NO), and
have enhanced antigen-presenting capability, with augmented expression of MHC II and co-
stimulatory molecule B7-1. They are critical in the defense against intracellular pathogens,
displaying increased oxidative burst and NO release. The ability to produce NO, in addition to
pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6, confers the anti-proliferative and
cytotoxic activities to the macrophage. While the activitie; of the caM¢ are essential for host
defense and direction of the adaptive immune system, persistence of its pro-inflammatory
activities often elicits severe tissue damage if unchecked. The immune system faces“e\i
challenge to develop anti-inflammatory activities to maintain host survival.

Alternatively activated macrophages (aaM¢) arise in a Th2 environment, with the
development of caM¢ being inhibited by Th2 cytokines. They are activated by Th2 cytokines
IL-4 and/or IL-13, and require no further priming in order to differentiate (Gordon, 2003;
Stein et al., 1992). Early studies have included the regulatory cytokine IL-10, with IL-4 and
IL-13, as having deactivating effects on macrophages. However IL-4 and IL-13 stimulate
phenotypic changes to the macrophage that are distinct from the changes induced by IFN-y in
classical activation of macrophages, and indeed the deactivation of inflammatory cytokine
production induced by IL-10. aaM¢ differ from classically activated macrophages in many

ways, and as a result, exert different effects on the host. aaM¢ promote ECM construction,
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angiogenesis, and tend to resolve inflammation and facilitate wound healing through the
molecules it secretes.

One of the defining features of the aaM¢ is its failure to generate NO from L-arginine,
and so it cannot readily limit the growth of intracellular pathogens. aaM¢ have increased
levels of arginase, which converts L-arginine to ureum and L-ornithine. Indeed the iNOS-
arginase balance correlates with the balance between Thl- and Th2-type activities (Munder et
al., 1998), with IFN-y inhibiting arginase and IL-4/IL-13 mediating iNOS inhibition. Recent
studies have expanded our knowledge of aaM¢, and a number of genes have been identified as
markers of alternative macrophage activation. Raes and co-workers used suppression
subtractive hybridization to show induction of Fizz 1 (found in inflammatory zone 1) and Ym
1 in aaM¢ in vivo and in vitro (Raes et al., 2002). Expression of these markers was controlled
by IL-4/IFN-y in an antagonistic manner. Loke and co-workers also showed up-regulation of
these genes in IL-4-dependent aaM¢ elicited in vivo following implantation of the nematode
Brugia malayi in the peritoneum of mice (Loke et al., 2002). Fizz 1/RELM-a (resistin-like

: At
molecule-a) is a resistin-like secreted protein, associated with pulmonary inflammation and
originally discovered in a murine model of asthma (Holcomb ez al., 2000). It is also expressed
in white adipose tissue, as well as mammary tissue and tongue. Ym 1/ECF-L is a chitinase-
like secretory lectin that forms crystals in alveolar spaces and in hyperactive lung
macrophages. It functions as an eosinophil chemotactic factor, and can be induced in
macrophages by the secretion of a nematode homologue of macrophage migration inhibitory
factor (MIF) (Falcone et al., 2001). This may explain why the recruitment of helminth-
induced aaM¢ is accompanied by an infiltration of eosinophils to the site of parasite residence.

The intelectin family of proteins have joined the arginase family, resistin-like molecules, and

26



Chapter 1

the chitinase-like mammalian proteins, as effector molecules in type 2 inflammation (Nair et
al., 2006). The intelectin family is composed of two célcium-dependent galactose-bindiﬁg
lectins, intelectin-1 and intelectin-2. Although relatively little is known about the regulation
of their expression and function, intelectin expression is a feature of helminth infection in the
murine gastro-intestinal tract, with dramatic up-regulation of intelectin-2 in intestinal
epithelial in Trichinella spiralis infection (Pemberton et al., 2004). Maximal expression was
associated with expression of type 2 cytokines and worm expulsion.

As discussed earlier, the classically activated macrophage is induced with
Mycobacterium infection. A potent Thl response is crucial for the control of Mycobacterium
tuberculosis, and indeed alternative activation of macrophages prevents such cells from
enabling an efficient control mechanism to limit the growth of mycobacteria in vivo (Kahnert
et al., 2006).

1.4.2 Alternatively-activated macrophages during parasite infection

The parasitic nematode Brugia malayi was first used to characterize aaM¢. 1L-4-
dependent aaM¢ were elicited upon implantation of Brugia malayi into the peritoneal cavity
of mice. They were shown to actively suppress lymphocyte proliferation in vitro, and in a
cell-contact dependent manner (Loke et al., 2000b). The mechanism of suppression via
soluble factors associated with suppressive macrophages such as NO, prostaglandins, IL-10
and TGF-, had previously been discounted (Allen et al., 1996; MacDonald ef al., 1998). The
F4/80" peritoneal aaM¢ also inhibited proliferation of various transformed cell lines.

Suppression of proliferation was reversible and not due to apoptosis of responder cells.

Although the regulatory cytokine TGF-B was not involved in induction of cell suppression,
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parasite-induced aaM¢ were shown to prime a Th2 response by preventing Thl differentiation
by the inhibition of early IFN-y production via TGF-f3 (Loke ef al., 2000a).

Murine infection with the cestode Taenia crassiceps has been shown to induce a
population of peritoneal macrophages with suppressive activity (Terrazas et al., 2005). These
cells had high levels of alternatively-activated macrophage (aaM¢) markers, in addition to
elevated PD-L1 and PD-L2 expression. The suppressive activity was mediated by the PD-
1:PD-L pathway.

Murine studies using the filarial nematode Litomosoides sigmodontis have
demonstrated a role for F4/80" aaM¢s in both pre-patent and patent infection (Taylor et al.,
2006b). Infection induced a suppressive population of aaM¢s at the site of infection.
Suppression of CD4" Ag-specific proliferative responses was partially dependent on TGF-p,
but not on IL-10. As the infection progressed into the patent stage, the suppressive activity of
the F4/80" aaM¢ was also observed at peripheral sites such as the draining lymph nodes.

A recent publication has shed some light on the mechanism of type 2 effectors leading
to host protection against helminthic parasites (Anthony ef al, 2006). Using the mouse
gastrointestinal parasite H. polygyrus, the group demonstrated an infiltration of memory IL-4-
producing Th2 cells, that resulted in the induction of aaM¢ that were IL-4R"™ and CD206".
The macrophages functioned in an arginase-dependent manner to impair larval mobility, and
contributed to an eventual expulsion of adult worms (Anthony et al., 2006).

The role for aaM¢ during schistososomiasis has been demonstrated using
macrophage/neutrophil specific IL-4Ra-deficient (IysM™, IL-4Ra ™) mice (Herbert er al.,
2004). aaM¢ activation was shown to be essential for survival during schistosomiasis, with

100% mortalities during acute S. mansoni infection. This mortality was not neutrophil-
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dependent. aaM¢ are critical during infection to downmodulate Thl responses and egg-
induced inflammation, as death was associated with increased Thl cytokines and iNOS
activity, impaired egg expulsion, sepsis and hepatic and intestinal histopathology.

The production of arginase by aaM¢ provides a potential explanation for the
association of Th2-type inflammation with enhanced fibrosis and is implicated in granuloma
formation. Arginase levels correlate with maximal egg-induced pathology. In an SEA-
induced granuloma model, Hesse and colleagues showed that type 2 cytokine-stimulated
macrophages produced proline, which is under the control of arginase (Hesse et al., 2001).
Proline is a precursor to collagen, and it has been proposed that aaM¢ increase collagen
deposition and fibrosis in the liver with their high arginase activity. Blocking arginase activity
in aaM¢ impairs the production of proline. Arginase activity in aaM¢ also leads to increased
synthesis of polyamines (Abdallahi et al, 2001), which may be important as helminth
parasites are believed to be dependent on their hosts for the uptake and interconversion of
polyamines. Hesse and co-workers also sensitized mice to SEA in the presence of IL-12, and
observed a dominant Thl reaction in contrast to the normal Th2-egg-specific response. This
was associated with high iNOS activity, and a strong decrease in arginase-positive aaM¢, with
a dramatic reduction in liver pathology (Hesse et al., 2001).

1.4.3 T helper cell effector lineages

APCs play a pivotal role in determining the outcome of an infection due to their unique
ability to prime naive CD4" T cells. A mature DC can polarize a T cell towards a certain
phenotype by translating ‘messages’ received from the pathogen to the cell. Naive CD4" T
helper (ThO) cells are maintained in a pluripotent state and they conventionally respond to

stimulation by peptide-MHC complexes on APCs via proliferation and cytokine secretion.
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They differentiate into various effector lineages depending on various intra- and extracellular

{0
stimuli. The best characterized lineages are T helper 1 (Thl) or T helper 2 (Th2) CD4" cells,
however additional subsets of effector T cells have recently been described, including IL-17-
producing T helper (Th17) cells and T helper follicular (ThFH) cells (Reinhardt ez al., 2006).
An overview of the T helper effector lineages is outlined in Figure 1.3.

The Th1/Th2 division was initially typified by the distinct cytokines that are produced
(Mosmann et al., 1986). Thl cells secrete IL-2, IFN-y, and TNF-a, while Th2 cells secrete
IL-4, -5, -9, and -13. IL-12 is a major APC factor that acts via transcription factors Stat4 and
T-bet to drive IFN-y-producing Thl cells. Thl cells are predominately involved with cell-
mediated immunity, such as activation of cytotoxic and phagocytic functions in effector cells
and delayed-type hypersensitivity. They are crucial for cellular immunity against intracellular
pathogens (Abbas et al., 1996; Murphy and Reiner, 2002). [L-4 acts via Stat6 and GATA-3 to
drive the differentiation of Th2 cells. Th2 cells are mainly associated with humoral immunity,
by assisting the progression of B cells to antibody secretion, and also in anti-helminth
immunity. CD8" T cells (cytotoxic T cells; Tc) may also be subdivided into Tcl or Tc2
subsets, depending on their cytokine secretion pattern. The type 0 response is characterized
by the simultaneous release of type 1 and type 2 cytokines, with these cells capable of
differentiating into either Thl or Th2 cells. A Thl or Th2 phenotype will ultimately dominate
a response by both amplification of a particular Th cell subset and downregulation of the
opposing cell response (Thl via IL-2 and IFN-y, Th2 via IL-4) (Abbas et al., 1996; Fallon,
2000). The newer members of the T helper lineages are described below, but as seen in

Figure 1.3, there is dynamic interaction and overlap between the various T helper subsets.

T
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Figure 1.3. T helper cell subsets. Thl (red), Th17 (pink), and Th2 (orange) cells represent
alternative effector cell fates individually derived from naive precursor T cells (ThP). The
precise lineage of T cells in turquoise is not fully defined, in particular whether I1L-25-
producing T cells are a distinct Th lineage (Th25) or IL-25-producing Th2 cells. The target of
IL-25 may be a non-lymphoid c-kit" population that produces IL-4 to enhance Th2
differentiation. IL-25 may also have a role in inhibiting Th1l and Thl7-producing cells (not
shown on diagram). Thl cells express the transcription factor T-bet and IL-12R downstream of
IFN-y signals, and they are maintained by IL-12 and IL-18. Th17 cells can develop in the
presence of IL-6 and TGF-f, and are further maintained by IL-23 and IL-18. Th2 cells are
maintained by IL-4, and also IL-33. Counter-regulation between these subsets occurs, with
IFN-y inhibiting Th2/Th25 and Th17 differentiation, and IL-4 inhibiting Thl and Th17
differentiation. Th subsets recruit innate cell types to mediate effector functions in the
periphery. Modified from (Reinhardt ez al., 2006; Tato et al., 2006).
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ThFH cells are T cells found in germinal centres that may be broadly defined as
CXCRS" and display a cytokine profile distinct from Th1 or Th2 cells. Upon activation, they
migrate to B cell follicles in a CXCR5"-dependent manner, where they interact with B cells to
ensure efficient B cell activation and antibody production (Chtanova et al., 2004; Hardtke e;
al., 2005). Co-stimulatory molecules such as ICOS have been implicated in enhancing
CXCRS expression and a ThFH fate (Akiba et al, 2005). ThFH cells were recently
implicated as possible regulators of autoantibody production when a study showed that mice
with elevated levels of ICOS had higher ThFH levels and eventually developed autoimmune
disease (Akiba et al., 2005). It is currently uncertain whether ThFH cells are a separate
distinct Th lineage, or whether they are a terminally differentiated state of either Th1l or Th2
cells.

The cytokines IL-17 and IL-23 were originally believed to belong to the Thl lineage,
however this view has been reassessed in recent years, resulting in a separate and distinct Th
lineage termed Thl7. Studies of autoimmune diseases such as experimental autoimmune
encephalomyelitis (EAE) and adjuvant-induced arthritis initially highlighted a role for this IL-
17-producing sub-set (Chabaud et al., 1999; Langrish et al., 2005; Zhang ef al., 2003a). The
cytokine secretion profile of Th17 cells includes IL-17A, IL-17F, IL-6 and TNF-a.. They
induce inflammation by production of chemokines and also G-CSF and GM-CSF, which act to
recruit and activate neutrophils. Macrophage mediation of Thl7-induced inflammation has
also been described (Park et al., 2005). That Th17 cells are their own lineage, distinct from
Thl or Th2, is increasingly well-supported amongst the literature. It has been shown that
transcription factors associated with Th1l and Th2 lineages respectively, T-bet and GATA-3,

are not required for Th17 induction in vivo (Veldhoen ef al., 2006). IL-23 is implicated in the
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survival and maintenance of Th17 cells, however it was the regulatory cytokine, TGF-f, that
has been shown to induce Th17 differentiation in the context of an inflammatory cytokine
milieu (Veldhoen et al., 2006). Indeed two recent papers published in Nature also support this
view that it is the regulatory cytokine TGF-f that induces development of the Th17 lineage
(Bettelli et al., 2006; Mangan et al., 2006b). TGF-f is known to induce expression of the
regulatory transcription factor Foxp3 (Chen ef al., 2003), however Bettelli et al. demonstra‘t;
that the presence of IL-6 inhibits this generation of CD4" Foxp3" T regulatory (Tre) cells, and
instead acts with TGF-B to induce pro-inflammatory Th17 cells. They hypothesise that this
reciprocal development pathway for the pathogenic Th17 and protective Ty subsets may have
evolved to induce or regulate tissue inflammation, and it certainly has helped to increase our
understanding of these emergent T cell lineages.

Another member of the IL-17 family is the Th2-like cytokine IL-25 (IL-17E). Recent
studies have highlighted a role for IL-25 in host defense and controlling inflammation. The
role for IL-25 in anti-helminth immunity using IL-25 deficient mice was demonstrated in two
separate studies (Fallon ef al., 2006; Owyang et al., 2006). IL-25 was shown to increase IL-4
production in order to augment Th2-mediated immunity. Fallon et al. describe a non-
lymphoid c-kit" population that is induced by IL-25 to produce IL-4 during Nippostrongylus
brasiliensis infection. This then leads to enhanced Th2 differentiation by CD4" cells.
Owyang ef al. also show a role for IL-25 in anti-helminth Th2 responses using the parasitic
helminth 7richuris muris. In addition, the group has identified an anti-inflammatory function
for IL-25 in dampening Th1 and Th17 responses. Whether IL-25-secreting cells are a uniqiié
effector T cell lineage (Th25), or merely a subset of Th2 cells remains to be discovered, and

no doubt will be the subject of much future work.
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1.4.4 Development of immune response during schistosome infection

Helminths are the main examples of Th2 cell inducers in both humans and
experimental models, with high-level tissue eosinophilia and elevated serum IgE serving as
immunological hallmarks of infection with parasitic helminths (Pearce and MacDonald, 2002.;
Sher and Coffman, 1992). However the initial infective stages of schistosomes (cercariae)
stimulate a dominant pro-inflammatory Thl response in the mouse model. The Thl response
is observed throughout the first 3-5 weeks of infection, as the cercariae transform into
schistosomula upon penetration of the host’s skin, and migrate into the blood stream, travel
through the lungs and arrive in the hepatic portal system. g

Only as the infection progresses and the mature parasites mate and the female begins
to lay eggs does the response switch to a strong Th2 response (Pearce et al., 1991). This is
characterized by elevated levels of IL-4, -5, -9 and -13 (Sabin and Pearce, 1995). This
developing schistosome-egg antigen induced Th2 response downregulates the production and
effector functions of the earlier Thl pro-inflammatory mediators (Pearce ef al., 1991), with the
production of IL-10 during this time thought to play a crucial role in this process.

Although it is widely acknowledged that egg deposition is the major stimulus for the
production of Th2 cytokines in murine schistosomiasis (Grzych ef al., 1991), there is evidence
to suggest that the adult worm stage of the parasite may initiate the Th2 response, to prime the
host for the arrival of the eggs, and so limit egg-indliced pathology (Hayashi et al., 1999).
Hepatic lymphocytes from S. mansoni infected mice during the prepatent period (before
arrival of eggs) already produced a higher amount of IL-4 and lesser amount of IFN-y than
those from uninfected mice (Hayashi ef al., 1999). Immune priming by the adult worm, with

production of pro-inflammatory cytokine TNF-a, has also been shown to be necessary for
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granuloma formation around the egg (Leptak and J H, 1997). Murine studies on worm-only
infection of mice demonstrated worm-modulation of macrophages (Smith et al., 2004), and a
helminth-modified type 2 response in the lung (Mangan et al., 2006a), highlighting a role fo;
the worm stage of the parasite for immune modulation.

Most pathology in schistosome-infected mice is attributed to the host’s reaction to the
egg, which is maximal by the 8" week of infection. Th2 cytokines modulate excessive
inflammatory reactions preventing a runaway pathology (Hoffmann et al, 2002). In S
mansoni infection, many eggs laid by the female are c’arried by the blood flow to the liver, the
sinusoids of which are often too small for the eggs to traverse. They remain trapped in the
liver, and eventually die within the tissue. A granuloma forms around eggs in the liver, and
also in the intestinal wall, where traversing eggs often get trapped en route to the exterior. The
granuloma formed around a schistosome egg is primarily a T-lymphocyte—mediated host
response with diminished granulomas in T cell-depleted and SCID mice (Amiri et al., 1992;
Doenhoff et al., 1981; Fallon et al.,, 2000b). B cells have also been implicated in playing a
regulatory role in schistosome granuloma formation (Fallon et al., 1998; Jankovic et al.,
1998). Type 1 and type 2 cytokines are associated with the granuloma, although studies in
STAT 6 deficient mice demonstrate the essential role of type 2 cytokines in granuloma
formation (Kaplan et al., 1998). The granuloma is composed of collagen fibres and cells,
including macrophages, eosinophils and CD4" T cells (Dunne and Pearce, 1999). The egg
eventually dies and the granuloma resolves, leaving fibrotic plaques. IL-13 is the principal
cytokine responsible for hepatic fibrosis during schisfosome infection (Chiaramonte et al.,
1999; Fallon ef al., 2000a). Although the Th2 response might have limited effects on parasite
burden, it exerts an enormous influence on the survival of the host. While prolonged Th2

responses contribute to the development of hepatic fibrosis and chronic morbidity, the initial
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Th2 response in the acute stage of infection protects the host from the potential pathogenic
damage caused by unrestricted Thl cell-mediated inflammation (Pearce and MacDonald,
2002.). So paradoxically, granulomas may have an essential host-protective role. In mice that
were tolerized against S. mansoni egg antigen, granuloma formation was severely limited.
Mice had elevated type 1 cytokine responses and diminished type 2 responses, with severe
hepatotoxic liver damage (Fallon and Dunne, 1999).

High pathology schistosomiasis linked with a Thl response is observed in certain in-
bred mouse strains, such as C3H and CBA, but not in other strains such as C57BL/6 (Cheever
et al., 1987; Rutitzky et al., 2005a). In a vaccine model for prevention of fibrosis, it was
shown that immunization with S. mansoni eggs and IL-12 partially prevented granuloma
formation and reduced fibrosis induced by a natural infection of S. mansoni (Wynn et al.,
1995). However it has also been shown that Thl-polarising immunization with egg antigens
in low pathology strains such as C57BL6 can induce a marked exacerbation of the disease
(Rutitzky et al., 2001). Such severe immunopathology is dependent on IL-12p40 and also
correlates with high levels of IL-17, with neutralization of IL-17 with mAbs greatly inhibiting
hepatic granulomatous inflammation (Rutitzky ef al., 2005b).

To date murine studies have focused primarily on CD4" T cells as the cellular source
of cytokines that determine the type 2 outcome in murine schistosome infection and regulate
the granulomatous response to parasite eggs. However other cells types such as eosinophils,
FceR" non B non T cells or Bl cells have also been implicated as additional sources of type 2
cytokines during murine infection (Kullberg ef al., 1996; Palanivel et al., 1996; Rumbley ¢t
al., 1999). Th2 responses are also strongly implicated in naturally acquired resistance to

reinfection with schistosomes.
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The role of eosinophils in S. mansoni infection has recently been investigated using
eosinophil lineage-ablated mice (Swartz ef al., 2006). While S. mansoni egg-induced early IL-
4 production was found to be dependent on IL-5 and eosinophils (Sabin et al., 1996), lack of
eosinophils in S. mansoni-infected eosinophil lineage-ablated mice had no impact on worm
burden, egg deposition or on granuloma formation other than the eosinophil depletion itself
(Swartz et al., 2006).

The prominence of IL-10 as a crucial mediator of regulation in parasite infections has
long been recognized, particularly for its role in attenuating pathogenesis (Sher et al., 1992).
Increased mortalities in IL-10 deficient mice are observed with S. mansoni infection (Sadler et
al., 2003; Wynn et al., 1998), with these mice developing egg Ag-specific Thl responses.
Unregulated IL-12 production is the cause of this, as mice lacking both IL-10 and IL-12 fail to
polarize in this fashion and excessively skewed Th2 responses develop (Hoffmann et al.,
2000).

As the infection moves into its chronic phase (> week 12), there is a modulation of the
Th2 response. Granulomas that form around newly deposited eggs are smaller than at earlier
times during infection (Boros et al., 1975). Another example of Th2 modulation is induction
of expression of the decoy receptor IL-13Ra2, which blocks IL-13-dependent fibrotic
reactions (Chiaramonte et al., 2003). It is during the chronic infection stage that there is an
acceptable balance between the host’s immune system and the disease state. There is a
decline in parasite-specific T cell responses, and a more regulated environment prevails. In
contrast to previous studies (Wynn et al., 1998), one study showed that IL-10 deficient mice
infected with S. mansoni fail to enter this late downmodulating phase (Sadler et al., 2003).

The phenomenon of T cell suppression during the conventional schistosome egg-and-

worm infection is well documented (Flores Villanueva et al., 1994; Stadecker, 1999). T cell
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unresponsiveness is often mediated by APCs such as macrophages or DCs, or can be induced
by a population of T regulatory cells. Jankovic and cb-wo‘rkers have shown that conditioning
a DC for Th2 differentiation by SEA correlates with down-regulation of activation signals in
the APC, which lead to a temporary delay in initial T cell cycling (Jankovic et al., 2004). X
schistosome egg glycan has also been shown to induce a Gr1*/F4/80" macrophage population
that suppresses CD4" T cell proliferation (Atochina ef al., 2001). Mitogen un-responsiveness
in worm-only infected mice has also been reported (Attallah ef al., 1979; Diab et al., 1989),
and more recently worm modulation of macrophages was shown to induce T cell suppression
(Smith et al., 2004).

As mentioned earlier a schistosome worm lipid activated TLR2 on human DCs, which
conferred on these cells the ability to induce IL-10 producing T regulatory cells (van der Klgiji
et al., 2002). Hesse and co-workers have shown that the pathogenesis of schistosomiasis is
controlled by co-operating IL-10-producing innate effector and regulatory T cells (Hesse et
al., 2004). The role of regulatory T cells in schistosome infection is discussed in section 1.4.6.
1.4.5 Regulatory T cells

It was in the early 1970’s when the idea of suppressor or regulatory T (Tyg) cells first
emerged. Three-day-old mice that were thymectomized developed organ-specific
autoimmunity, however this was not the case in mice thymectomized at day 0 or day 7,
suggesting that a suppressor population of T cells was induced after day 3 of life to regulate
self-reactive T cells in the thymus. The field of T regulatory cells really took off in 1995
when Sakaguchi and co-workers identified T cells expressing the IL-2 receptor a-chain
(CD25) as being critical in maintaining self-tolerance By down-regulating immune responses

to both self and non-self antigens (Sakaguchi et al., 1995).
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Regulatory T cells are capable of suppressing naive CD4" and CD8" T cell
proliferation in vitro via IL-2 inhibition (Thornton and Shevach, 1998), and this is generally
used as a distinguishing factor when identifying a Ty, population. A prime feature of Tyg cells
is their ability to suppress both innate and adaptive immune responses. New evidence
implicates T cells in regulation of other immune cell subsets, such as dendritic cells and B
cells. Lewkowich ef al. showed that when anti-CD25 mAb was used to deplete CD4"CD25"
Treg cells in vivo in A/J mice, the mice displayed increased levels of pulmonary myeloid DCs,
with these cells having a greater propensity to induce Th2 cytokines and proliferation in T
cells (Lewkowich et al., 2005). Lim and co-workers have also shown direct suppression of B
cells by CD4"CD25" cells (Lim et al., 2005). Although a Ty, cell’s primary function is to
limit damage and down-modulate an excessive immune response, a consequence of this in
terms of disease and infection may be enhanced pathogen survival, and long-term persistence,
and they may also be detrimental in tumour biology, as is discussed later.

Various subsets of regulatory CD4" T cells that functionally limit the immune respon;;,
and have a maintenance role in preventing autoimmune disease have been described. CD4" T
cells with regulatory activity may be broadly divided into T regulatory cells that occur
naturally (natural T.g) and cells that are induced by certain stimuli (termed adaptive Ty or
inducible T,.g) (Belkaid and Rouse, 2005; Bluestone and Abbas, 2003; O'Garra and Vieira,
2004). The regulatory T cell subsets are outlined in Figure 1.4. Inducible Ty cells include
Trl cells, which are IL-10-dependent regulatory cells (Groux et al., 1996), and also Th3 cells,
that are TGF-B-secreting cells (Chen ef al., 1994). Trl cells were induced in vitro and, upon
antigen stimulation, were able to inhibit both Thl and Th2 responses via IL-10 production
(Cottrez et al., 2000; Groux et al., 1997). Recently Foxp3", IL-10-producing, antigen peptide-

induced regulatory cells were shown to be independent of CD25" Treg cells for their growth,
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Figure 1.4. Development of regulatory T cell subsets. Naive ThO and Foxp3" Tregs
originate in the thymus. The naturally occurring T, mediates its suppression via a contact-
dependent mechanism. ThO cells differentiate into Thl, Th2, and Th17 lineages under
different immunogenic stimuli. Stimulation of ThO cells under certain in vitro conditions or
via an oral route can induce adaptive Treg that are Foxp3™ and primarily dependent on IL-10
or TGF- to mediate suppression. Stimulation of ThO cells with TGF-p or low dose antigen
in vivo can induce a Foxp3" T, population that is indistinguishable from the naturally-

occuring T that developed in the thymus. Taken from (Wing et al., 2006).
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differentiation and function (Nicolson et al., 2006). Th3 cells were shown to be induced upon
oral administration of antigen, and have been implicated in limiting autoimmune pathology in
models of colitis, EAE and diabetes (Chen ef al., 1994; Faria and Weiner, 2005). Inducible
Treg cells are generated from mature T-cell populations under certain antigenic stimulation
conditions, and they function in a cytokine-dependent manner in vivo. However natural Ty
cells mature in the thymus and survive in the periphery as natural Ty, cells.
Foxp3 as a marker for T regulatory cells

Natural Ty cells were initially characterized by surface expression of CD25, however
this may also be present on activated CD4" cells, as mentioned above. A hallmark of Threg cells
is the expression of forkhead family transcription factor Foxp3 (Hori et al., 2003). Foxp3 was
shown to be predominately expressed in naturally ariéing CD4'CD25" regulatory cells, and
retroviral gene transfer of Foxp3 can confer a regulatory phenotype upon naive T cells (Hori ef
al., 2003). Foxp3 deficient mice (scurfy mutant mice) develop severe lymphoproliferative
disease and die within 3 weeks (Godfrey ef al., 1991). Khattri ef al. showed that CD4'CD25"
T cells from Foxp3 deficient mice lack regulatory T cell activity, and that overexpression of
Foxp3 in mice produced more T, cells (Khattri ef al., 2003). Two human isoforms of Foxp3
exist, and while overexpression of both Foxp3 isoforms together markedly increased
expression of Ty markers from autologous CD4" T cells, suppressor activity was only slightly
increased (Allan et al., 2005). Expression of the IL-7R, CD127, has been shown to inversely
correlate with Foxp3 expression and the suppressive function of human CD4" Ty, cells (Liu et
al., 2006a).

As mentioned earlier, the regulatory cytokine TGF-f is known to induce Foxp3
expression (Chen et al., 2003), and leads to the conversion of murine peripheral CD4 " CD25"

23
naive T cells to CD4"CD25" Ty, cells. Peripheral Foxp3™ Ty cells were also induced in a
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TGF-B-dependent manner in murine transplant tolerization models (Cobbold ef al., 2004).
Marie et al. demonstrated that while TGF-p was required to maintain Foxp3 expression ar:d€
regulatory cell function in the periphery, it was not required for their development in the
thymus (Marie et al., 2005). Recently Fontenot and co-workers proposed that a dedicated T
regulatory cell lineage could be specified by Foxp3 (Fontenot and Rudensky, 2005). Using
Foxp3-GFP reporter mice they showed that suppressor activity was demonstrated in Foxp3* T
cells irrespective of CD25 expression. It was also demonstrated that Foxp3 has no cell-
intrinsic role in effector T cell function, and that pathogen-driven immune responses do not
induce Foxp3 in non-regulatory cells (Fontenot et al., 2005). That there is no de novo
generation of Foxp3™ T cells in the periphery is conflicting with some previous studies, as
outlined above (Chen et al., 2003). However as these studies were performed on bulk CD4" T
cells, Fontenot and co-workers postulate that it is unclear whether increased Foxp3 expression
is from expansion of a small population of CD25'Foxp3+ Treg cells or conversion of non-
regulatory cells (Fontenot et al., 2005). Together with the striking lymphoproliferative
autoimmune phenotype displayed in Foxp3 deficient mice, this data argues strongly for the
case that Foxp3 acts as a regulatory T cell lineage specification marker, and that such T, cells
are the critical mediators of dominant tolerance. However more recently, conversion of truly
naive T cells (Foxp3 protein expression was below the limit of detection) into Foxp?f'
suppressor cells by targeting of peptide-agonist ligands to dendritic cells was demonstrated
(Kretschmer et al., 2005), adding further support to the theory that Foxp3" regulatory cells

may develop extrathymically as well as intrathymically.
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Other T,.q markers
In addition to CD25, and the now hallmark Foxp3, other putative surface markers for T cells
include glucocorticoid-induced tumor necrosis factor receptor family-related protein (GITR),
and the integrin CD103 (McHugh e al., 2002). GITR is predominately expressed on
CD4"CD25" Ty cells in naive mice (Shimizu et al., 2002), and antibody stimulation of GITR
removed Tre-mediated suppression. Tone et al. identified the GITR ligand, and showed that
is was indeed co-stimulatory for T cells, with GITR-GITR-L interaction reversing suppression
by CD4'CD25" cells (Tone et al., 2003). GITR™®", Foxp3* T cells that were CD25" or
CD25 were demonstrated to be essential in the control of autoimmune myocarditis and
multiorgan inflammation (Ono ef al., 2006). CD103 is the o chain of the integrin agB7, and
is believed to play an important role in the retention of natural T cells to the site of
Leishmania major infection (Suffia et al., 2005), with T,.eg cells from CD103” mice being
impaired in their ability to be retained at the site of infection. Its expression is positively
regulated by the cytokine TGF-f (Robinson et al., 2001), and CD103 is expressed at hiélll)
levels on Ty, cells in the infected site (Suffia ef al., 2005). BALB/c mice are susceptible to L.
major infection, but CD103” mice on a BALB/c background were rendered refractory to
infection (Suffia ef al., 2005). CD103 may also be expressed on other cell types, including
subsets of CD8" cells, DCs and mast cells (Cepek et al., 1994; Kilshaw, 1993; Smith et al.,
1994). Indeed it has recently been shown that CD103" DCs in the gut are important for the
generation of gut-tropic CD8" effector cells (Johansson-Lindbom ef al., 2005).

Although expressed on activated T cells, the co-stimulatory molecule cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) is also associated with regulatory activit;

(Chikuma and Bluestone, 2003). CTLA-4 deficient mice develop massive
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lymphoproliferation and early death (Tivol ef al., 1995; Waterhouse et al., 1995), and CTLA-&
also plays a vital role in Th2 cell differentiation (Khattri et al., 1999; Oosterwegel et al.,
1999). Neuron interaction with T cells has recently been shown to convert encephalitogenic T
cells to CD25"TGF-B1"CTLA-4"Foxp3™ T cells. These cells were capable of suppressing
encephalitogenic T cells and inhibiting experimental autoimmune encephalomyelitis (EAE) in
a CTLA-4-dependent manner (Liu et al, 2006b). The role of CTLA-4 in immunity is
discussed further in section 1.5.
T regulatory cells in disease

Regulatory T cells have also been implicated in tumour immunity, particularly in the
suppression of CTLs and effective anti-tumour immunity. Onizuka et al. showed that
depletion of CD4"CD25" cells using the anti-CD25 mAb PC61 caused tumour regression in
mice in 6 out of 8 tumour models used (Onizuka ef al., 1999). Another group showed that
transfer of CD25-depleted CD4" BALB/c spleen cells to BALB/c athymic nude mice given
RL1 leukaemia cells lead to tumour regression and long-term host survival (Shimizu et al.,
1999). This is in direct contrast to mice that received whole CD4" spleen cells (including the
CD25" sub-population), where 100% mortality was seen by day 40. Many studies have
focused on determining how to induce an effective immune response against advanced
tumours by limiting Tre-mediated suppression and in conjunction, stimulating tumour-reactive
T cells. One group recently demonstrated that administration of an agonistic anti-GITR mAb
to tumour-bearing mice caused tumour regression that was mediated by tumour-infiltrating
IFN-y-secreting CD4" and CD8" cells (Ko ef al., 2005). When coupled with TCR stimulation,
this GITR mAb has been shown to abrogate CD4*CD25*-mediated suppression and in fact

induce Ty, cell proliferation (McHugh et al., 2002; Shimizu et al., 2002). Ko et al. found

.o
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ameliorated tumour regression and eradication when blocking antibody against CTLA-4 waé
administered along with the anti-GITR mAb. However tumour eradication was less effective
when a CD25-depleting mAb was given with anti-GITR (Ko et al., 2005). This was due to
depletion of activated CD25" T cells as well as naturally occurring CD4'CD25" Treg. In
control mice, the dominant infiltrating population of T cells into growing tumours were
CD4"CD25 Foxp3" Tieg cells, reaffirming the central role they play in suppression of anti-
tumour immunity.

5-10% of peripheral CD4" T cells also express CD25 in naive mice, however levels of
such natural CD4"CD25" Ty cells, have been shown to be expanded by various pathogens
and are implicated in limiting immunopathology during pathogen infection (Belkaid and
Rouse, 2005).

The involvement of Ty, cells in IBD, colitis or Crohn’s Disease has been extensively
studied (Asseman et al., 2000). In mouse models, gut inflammation is induced by transfer of
naive CD4 CD45RB"" T cells into T-cell deficient mice (SCID mice). However this effect is
suppressed when CD4"CD25'CD45RB" T cells are co-transferred (Powrie ef al., 1993). IL-
10-dependent Trl regulatory cells are also involved in protection from colitis (Groux et al.,
1997), as are the TGF-B-dependent Th3 cells (Chen et dl., 1994). Indeed the suppressive
effect of the CD45RB" Treg cells in the SCID model of colitis is mediated by TGF-B (Powrie
et al., 1996), and also by IL-10 (Asseman et al., 1999; Hagenbaugh et al., 1997). CTLA-4
expression on Ty cells also plays a central role in suppression of colitis as blockade of CTLA-
4 on CD4"CD25" Ty cells eliminates their protective role in colitis (Read et al., 2000). It has

recently been shown that Foxp3" Ty cells with suppressive activity can be cultured from the
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colonic mucosa of Crohn’s Disease patients, which could be an option for adoptive
immunotherapy to treat the disease (Kelsen et al., 2005).

Natural Ty cells are central to the preservation of host homeostasis, and it has been
postulated that one of their principal functions is to respond to, and limit, tissue damage in the
host. In addition to the colitis studies described above, evidence for T control of
gastrointestinal bacteria exists, with natural T, cells being implicated in control of
Helicobacter pylori infection in humans (Lundgren et al., 2003). The pulmonary pathogen
Pneumocystsis carinii (PS) causes lethal pneumonitis in infected RAG-2 mice upon
CD4"CD25" cell transfer, however co-transfer of CD4'CD25" cells conferred protection to the
infected mice (Hori et al., 2002). Natural CD4'CD25" Treg cells are also central to the control
of Leishmania major persistence and immunity (Belkaid et al., 2002). In susceptible BALB/c
mice, Tre, cells control the early IL-4 response and the maturation of Th2 cells in L. major-
infected mice (Aseffa ef al., 2002). More recently it has been shown that in C57 mice L.
major superinfection can cause reactivation of the disease at the primary site, in a Tree-
dependent manner. Depletion of Ty cells from the primary site using anti-CD25 mAb
prevented such disease reactivation at the site of persistent infection upon secondary challenge
(Mendez et al., 2004). However although natural Tieg cells can promote pathogen persistence,
subsequent removal of such suppressor cells leads only to a ‘sterile cure’, and is not sufficient
to maintain long-term immunity (Belkaid ez al., 2002; Belkaid and Rouse, 2005).

The control of viral infections by natural Ty cells has also been demonstrated, with
these cells being implicated limiting liver damage in hepatitis C patients (Cabrera ef al., 2004),
and also in preventing blinding keratitis which can be caused by herpes virus (Suvas ef al.,
2004). A role for T cells in immunity to human immunodeficiency virus (HIV) infection

has also been postulated, with anti-HIV CD4" T cell responses being increased upon removal
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of Treg cells from PBMCs (Aandahl et al., 2004). HIV was shown to induce CD4'CD25" Trcg
cells which suppress HIV-specific CD4" T cell responses in HIV-infected individuals (Weiss
et al., 2004). Indeed there is evidence that both natural and Foxp3-transfected human Ty,
cells can be infected with HIV (Oswald-Richter ef al., 2004). In the murine model of AIDS,
removal of regulatory T cells prevented disease progression (Beilharz et al., 2004).

1.4.6 T regulatory cells in helminth infection

There are numerous studies on the role of Ty cells in parasitic disease, in particular in
the role they play in helminth modulation of the immune system. As discussed earlier, APC;,
in particular aaM¢s, are associated with immune suppression during filarial nematode
infection (section 1.4.3). However the long-lived survival of filarial worms is also associated
with suppression of protective immune responses via regulatory T cells. T cells with
regulatory activity have been isolated from individuals infected with Onchocerca volvulus,
Loa loa and Wuchereria bancrofti (Satoguina et al., 2002; Steel and Nutman, 2003).

In murine models, Trg cells are important in promoting filarial survival during
Litomosoides sigmondontis infection (Taylor et al., 2005). Infection induced upregulation of
the regulatory markers CD25, GITR and CTLA-4 in the thoracic cavity. GITR and CTLA-4
expression was also increased in distal sites such as the thoracic lymph nodes and the spleen.
Ablation of T cells using the anti-CD25 depleting mAb PC61 and an agonistic mAb against
GITR resulted in parasite clearance in vivo, however vx;hen these mAbs were used alone there
was no effect on worm burden (Taylor et al., 2005). A recent study on patients infected with
the parasite Brugia malayi showed that regulatory networks down-regulated both Th1 and Th2
pathways during patent infection (Babu et al., 2006). Expression of the Th1/Th2 regulators T-
bet and GATA-3 was down-modulated in PBMC:s in response to live microfilaria stimulation,

but Foxp3 expression was higher in infected individuals compared to uninfected. In addition,
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regulatory markers CTLA-4, TGF-B and the negative co-stimulation marker PD-1 were all
increased upon stimulation with live microfilaria (Babu et al., 2006).

The role of macrophages in the control of T cell responses during schistosorﬁg
infection has been discussed earlier. The importance of CD4" T cells for schistosome egg
granuloma formation has also been addressed. Studies in recent years have begun to
investigate what role, if any, that regulatory T cells play in schistosome infection. Hesse and
co-workers showed that IL-10-producing CD4"CD25" regulatory cells, in addition to IL-10
derived from a non-T cell source, were important for the development of type 2 immunity and
host survival (Hesse et al., 2004). CD4"CD25" Ty, cells were also shown to play a role in
suppressing the Thl response and promoting Th2 cell polarization during S. mansoni infection
(McKee and Pearce, 2004). More recent publications by the same groups describe IL-10;
independent functions for naturally occurring T, cells (Baumgart et al., 2006; Taylor et al.,
2006a). The T, cell response induced by schistosome egg injection suppressed the Thl
response, and also limited the magnitude of the Th2 response. Such T,,-mediated suppression
of Th responses was IL-10 independent (Taylor et al., 2006a). Baumgart and co-workers also
show IL-10 independent functions for T, cells in regulation of egg-induced cytokine
production, and showed that depletion of CD25" Ty, cells lead to increased frequency of I1L-4-
producing T cells in egg-induced inflammation (Baumgart et al., 2006).

1.4.7 Regulatory CD8" T cells

Two types of CD8" T cells were described in the 1970’s: cytotoxic and suppressor.
The suppressor, or regulatory cells, inhibited lectin-induced T cell proliferation, B cell
immunoglobulin synthesis and T cell proliferation in mixed lymphocyte cultures (Abdou et
al., 1976). The existence of CD8" regulatory cells has not been the subject of much study,

with most of the focus on the biology of regulatory T cells pertaining to the CD4" T cell
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subset. However interest in this cell population has returned in the past few years, with groups
generating CD8" Ty, cells by stimulation of immature or plasmacytoid DCs (Chang et al.,
2002; Gilliet and Liu, 2002). TGF-p is also used to generate chy* Treg cells, and these cells
were capable of suppressing a stimulatory graft-versus-host disease in mice (Zheng ef al.,
2004). The Qa-1 protein in mice (HLA-E in humans) has been linked to CD8" T cell-
dependent suppression, and studies on Qa-17" mice showed that suppressive CD8" T cells are
important in prevention of secondary autoimmune responses (Hu er al, 2004). It was
demonstrated that peptide-specific CD8" Ty, cells inhibit peptide-specific CD4" T cell
proliferation by using IFN-y to elaborate TGF-B-based suppression of the CD4" T cells (Myers
et al., 2005). CDS8" regulatory cells have been found to express the marker CD122 (IL-2
receptor B chain) (Rifa'i et al., 2004). IL-10 was crucial for the inhibition of CD8"CD122" cell
proliferation and IFN-y production in vitro, but other regulatory mechanisms may compensate
for IL-10 in vivo, as CD8'CD122" Treg cells that were deficient in IL-10 still showed some
inhibitory effect on wild-type CD8'CD122" cells when they were co-transferred into RAG-
deficient mice (Endharti ef al., 2005).

A recent paper by Noble and co-workers has demonstrated that cytokine-induced IL-10
secreting CD8" T cells represent a phenotypically distinct suppressor T cell lineage (Noble et
al., 2006). They found that CD8" Threg cells are generated in the presence of IL-4 and 1L-12,
and could inhibit the generation of Th1/Tcl and Th2/Tc2 antigen-specific effector responses.
The mechanism of suppression was contact-dependent, but the T, cells also produced high
levels of IL-10 and IFN-y. They also suppressed IgG/IgE antibody responses and graff:

versus-host disease in vivo. The presence of glutocorticoids also increased the development of
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the CD8" Tyeg cells. These cells exhibited a unique cell surface phenotype, with both naive and

activation cell markers being co-expressed on the cells.

15 T cell activation and co-stimulation

As mentioned earlier, T lymphocyte activation requires two signals, antigen
recognition and co-stimulation. Signal 1 is antigen-specific, and involves the TCR complex
recognizing antigenic peptides presented on the MHC molecules of the APC. This is critical
in maintaining the specificity of the immune response. The second, co-stimulation signal is
antigen-independent, and adds an additional layer of regulation to lymphocyte activation.
Positive co-stimulation is necessary for proper activation of T and B cells, i.e. sustained cell
proliferation, effector/memory cell generation and prevention of anergy or apoptosis.
However inhibitory co-stimulation molecules expressed on APCs and peripheral tissues can
regulate immune responses by sending negative costimulatory signals to the T cell.
1.5.1 The B7:CD28 pathway

One of the best-studied co-stimulatory pathways is the CD28/CTLA-4-CD80/CD86
pathway. CD28 is constitutively expressed on T cells. Its ligands are CD80 (B7-1) and CD86
(B7-2), which are induced by microbial products and inflammation and expressed on the APC.
Interaction between CD28 and its ligands is crucial for activation of naive T cells. It results in
induction of IL-2, expression of CD25 and entry into the cell cycle. This is outlined in Figure
1.5, with the CD28 receptor in green inducing a ‘GO’ signal, with IL-2 production and T cell
proliferation.

Only in exceptional circumstances is TCR/CD3 complex engagement alone sufficient
to induce proliferation, such as stimulation with CD3-specific Abs at high surface density, or

in the physiological response to high avidity antigen from the non-cytolytic lymphocytié
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choriomeningitis virus (Christensen et al., 2002; Viola et al., 1999). At the other end of the
spectrum, CD28 engagement without TCR activation has been shown to induce proliferation,
using CD28-specific ‘superagonist’ Abs (Luhder ef al., 2003; Tacke et al., 1997). CD28 is'a
homodimer, but there have been no crystal structures of this to date. However a complex of a
CD28 superagonist Ab Fab’ with the human CD28 monomer has recently been described
(Evans et al., 2005). Modelling based on this structure and previous biacore studies (Collins
et al., 2002), indicate that CD28 is functionally monovalent. This monovalency of CD28 is
essential for physiological co-stimulation, and it acts as a safeguard to prevent T cell
activation in the absence of TCR ligation (Dennehy et al., 2006).

However the pathway is more complex, as the B7 ligands B7-1 and B7-2 also bind to
an inhibitory receptor, CTLA-4 (cytotoxic T lymphocyte-éssociated protein 4). Inhibitory co-
stimulators serve as a self-limiting mechanism to regulate T cell tolerance, and attenuate the
immune response. Unlike CD28, CTLA-4 is expressed only on activated T cells, or regulatory
cells. It binds B7-1 and B7-2, but with a much greater affinity than CD28, and subsequently
its inhibitory interaction eventually prevails, terminating T cell activation (Walunas et al.,
1994). CTLA-4 is of great importance in immune regulation as mice deficient in this
molecule develop massive lymphoproliferation and early death (Tivol et al, 1995;
Waterhouse ef al., 1995). In addition, CTLA-4 gene polymorphisms in humans have been
associated with autoimmune disease (Ueda et al., 2003). The role of CTLA-4 in immunity
was discussed in section 1.4.5 and is also reviewed in greater detail below (section 1.5.4).

1.5.2 The B7 Family of co-stimulators
Other CD28:B7 members include the PD-1:PD-L pathway, the ICOS:ICOS-L pathway,
unknown receptor:B7H3, and unknown receptor:B7H4, with BTLA being a new CD28 family

member. The B7 family members and receptors are -outlined in Figure 1.5, with the
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expression profile of the B7 ligands listed on Table 2. Members of the receptor family
(CD28, PD-1, BTLA) are type 1 transmembrane proteins with a single IgV extracellular
domain. The 7 known members of the B7 family [B7-1, B7-2, PD-L1 (B7-H1), PD-L2 (B7-
DC), ICOS-L, B7-H3 and B7-H4 (B7x)] are type 1 transmembrane or
glycosylphosphatidylinositol (GPI)-linked proteins with IgV and IgC extracellular domains
(Collins et al., 2005). B7-H4 is GPI-linked to the cell membrane while all of the others have
the transmembrane domain. The intracellular domains contain serine and threonine residues,
which may act as phosphorylation sites for signaling pathways, but no function for this
domain has as yet been identified. B7-1 and B7-2 genes are closely linked on mouse
chromosome 16 and human chromosome 3q21. PD-L1 and PD-L2, which both bind the
receptor PD-1, are also closely linked, but the genes encoding the other family members are

unlinked.
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Ligand/Receptor | Expression Positive co- | Inhibitory | Expression
stimulatory | co-
Receptor stimulatory
Receptor
B7-1 (CD80) Activated APC CD28 T and NK cells
CTLA-4 | Activated T cells
B7-2 (CD86) 1z cells
B7h (LICOS) APC ICOS Activated T cells
B7-H1 (PD-L1) | DCs, M¢, T and B ? PD-1 Activated T and
cells, some non- B cells,
lymphoid tissues monocytes
and some tumour
cells
B7-DC (PD-L2) | DCs, macrophages,
some tumour cells
B7-H3 DCs, monocytes, 7
some non-lymphoid
tissue, tumour cell
lines
B7-H4 (B7x) DCs, peritoneal ?
M¢, T and B cells, (HVEM, a
some non-lymphoid TNFR
tissues and tumour family
cell lines member)
Table 2. Co-stimulatory markers of the B7 family.
B7-1 and B7-2

B7-1 and B7-2 have only about 25% amino acid homology, but both have their
receptor-binding domains in the amino-terminal IgV domain.
sequence within the receptor-binding domain is not highly conserved, structural studies of the
two molecules demonstrate that each has a shallow cavity in its front face that facilitates
binding of CD28 and CTLA-4 receptors through their highly conserved MYPPPY motif

(Zhang et al., 2003b). B7-1 binds to CTLA-4 with a much greater affinity than B7-2, but it is
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predicted that B7-2 binds CD28 more efficiently than B7-1 (Collins et al., 2002). B7-1 and
B7-2 expression is limited to lymphoid cells, with B7-2 being constitutively expressed at lo‘\jv{
levels in B cells, DCs and monocytes, and some resting T cells. It is rapidly upregulated upon
activation. B7-1 expression is inducibly expressed at a later stage than B7-2 in T and B cells,
monocytes and DCs (Greenwald et al., 2005; van der Merwe and Davis, 2003). The role of
CD28:B7 interactions in initial T cell activation is well recognized, with ligation of B7-1 or
B7-2 to CD28 leading to T cell activation, expansion, differentiation and survival. This in
turn promotes efficient antibody-mediated and cellular immune responses, as is apparent in
B7-1 and B7-2 deficient mice, where these responses are impaired (Borriello et al., 1997). A§
mentioned earlier, interactions of these ligands with the negative co-stimulation receptéf
CTLA-4 balances this activation signal. The differences in temporal expression profile and
the differential binding abilities of B7-1 and B7-2 to CTLA-4 or CD28 propose a model
whereby B7-2:CD28 interactions induce a dominant positive signal initially, which is
followed by B7-1:CTLA-4 negative signals, that eventually terminate the T cell response
(Bluestone ef al., 2006).

Additional functions for these B7 molecules have been described in recent years.
CD28:B7 interactions are necessary for effective CD4'CD25" regulatory cell development and
maintenance (Lohr et al., 2003; Tang et al., 2003). Using non-obese diabetic (NOD) mice that
are deficient in B7-1 and B7-2 or CD28, it was also demonstrated that CD28:B7 co-
stimulation was required for the maintenance of the T cells that control autoimmune diabetes
(Salomon ef al., 2000).

B7 expression on T cells may contribute to down-modulation of immune responses. It
was demonstrated that T cell:T cell interactions involving B7 and CTLA-4 lead to

downregulation of alloresponses (Taylor et al., 2004). In addition it was shown that T cells
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interacted with B7 on effector T cells to suppress proliferation, but not necessarily in a CTLA-
4-dependent manner. CD4'CD25" Ty, cells failed to suppress effector (CD4"CD25") cells
from B7-1/B7/2"" mice compared to wildtype CD4'CD25 cells. Addition of B7-1 or B7-2
mutants that were co-stimulation competent but lacked the transmembrane and intracellular
domain were unable to restore suppression, but addition of full-length protein resulted in
establishment of Tr.g-induced suppression (Paust ef al., 2004).

‘Reverse signaling’ into B7-expressing APCs has also been demonstrated. Ligation of
B7-1 and B7-2 with a soluble CTLA-4Ig activates the immunosuppressive pathway of
tryptophan catabolism in DC. Ligand interaction induces a signaling pathway that leads to
IFN-y production, which then acts to induce indolamine 2,3-dioxygenase (IDO) production.
This is an enzyme that is involved in tryptophan catabolism, the products of which lead to
inhibition of T cell proliferation (Grohmann et al., 2002). Ligation of B7-1 and B7-2 on APCs
with CD28Ig induces IL-6 production and co-stimulatory signals (Orabona et al., 2004). In
summary, it is clear that these B7 molecules play an important role in regulation of T cell
activation and tolerance.

ICOS-L (B7-H2)

Inducible co-stimulator (ICOS) is a co-stimulatory receptor homologous to CD28 and
CTLA-4. It is expressed only on activated T cells, so interactions with its ligand, (ICOS-L),
enhances the activation and survival of effector/memory, and not naive, T cells. In vitro, it
stimulates the production of IL-4 and IL-10, but not IL-2, via a CD28-independent mode of
action (Hutloff ef al., 1999). ICOS™ mice have impaired ability to produce IL-4, IL-10, and
IL-13, but not IFN-y following immunization, supporting a role for the pathway in regulation

of Th2 effector responses (Liang and Sha, 2002). The ICOS ligand (ICOS-L, LICOS, B7h,
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B7-H2) is expressed constitutively on B cells, splenic and peritoneal macrophages, DCs, and
peripheral blood-derived mononuclear cells (PBMCs) (Swallow et al, 1999). This
costimulation pathway has been shown to be essential for both T helper and B cell functions in
T cell-dependent B cell responses (Mak ef al., 2003). Studies on ICOS-L”" mice reinforced
the theory that the ICOS:LICOS pathway was important for efficient activation of a Th2
immune response. Effector T cells that were restimulated with APCs from ICOSL mice?
had a reduction in Th2 cytokine production (Nurieva et al., 2003). Another group that
generated ICOS-L”" mice described impaired germinal centre formation and recall T cell-
dependent immune responses in these mice (Wong et al., 2003).
B7-H3

B7-H3 is an orphan ligand with an as yet unidentified receptor. mRNA for this
molecule is broadly expressed in both mice and humans on lymphoid and non-lymphoid
organs. It was originally described to induce T cell proliferation (Chapoval et al., 2001),
although generation of mice deficient for this molecule suggests that it functions as an
inhibitory co-stimulator, and preferentially down-modulates Thl immune responses (Suh et
al., 2003). Message RNA for B7-H3 was induced in murine DCs by IFN-y, but was
suppressed by IL-4. The demonstration of co-stimulatory and co-inhibitory functions for B7-
H3 could indicate that there are two opposing receptors for the molecule, similar to CTLA-4
and CD28. B7-H3 binds to activated, not resting CD4" and CD8" T cells (Sun ef al., 2002). A
positive function for this immune co-stimulatory molecul.e in bone formation has also been
proposed (Suh et al., 2004). B7-H3 is highly expressed in osteoblasts during bone formation.
Disruption of B7-H3 inhibited in vitro bone formation by osteoblastic cells, and B7-H3™ mié?:

had lower bone mineral density in cortical bones compared to WT mice (Suh ef al., 2004).
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B7-H4

B7-H4 (B7x) is another inhibitory B7-ligand, expressed on immune cells, and some
nonlymphoid tissues and tumour cell lines (Zang et al., 2003), which has no known receptor.
It can be induced on human T cells, B cells, DCs and monocytes after in vitro stimulation.
Murine B7-H4 is found constitutively on B220" B cells, and can also be induced on
macrophages and DCs. B7-H4 differs from the other B7-members in that it is a GPI-linked
protein. Studies using B7-H4Ig demonstrated that it binds to a receptor on activated T cells.
It was initially believed that BTLA (B and T lymphocyte attenuator) was its probable receptor;
as B7H4Ig was shown to bind wild-type, but not BTLA™ cells (Watanabe et al., 2003).
However it has since been shown that BTLA is not the receptor for B7-H4, and that in fact
BTLA interacts with herpesvirus entry mediator (HVEM) (Sedy et al., 2005). B7-H4 acts to
inhibit TCR-mediated CD4" and CD8" T cell proliferation and IL-2 production (Sica et al.,
2003; Zang et al., 2003). It has recently been implicated in Tr.g-mediated suppression of
APCs (Kryczek et al., 2006). T cells were shown to stimulate IL-10 production in APCs,
which induced B7-H4 expression, and it is this that is partially responsible for the
immunosuppressive properties of Trg-conditioned APCs. B7-H4 is expressed on some
tumours, suggesting a possible role for this molecule in prevention of anti-tumour immunity
(Choi et al., 2003). A study on renal cell carcinoma (RCC) patients showed an association
with B7-H4 expression and tumour progression and survival (Krambeck et al., 2006). Patients
with tumours that expressed B7-H4 were 3 times as likely to die from RCC than those who
had B7-H4" tumours. B7-H4 expression was also found on endothelial cells in the tumour
vasculature in over 80% of samples studied, while oniy 6% of normal renal tissue vessels had
endothelial expression of B7-H4. Patients with tumours that expressed both PD-L1 and B7-

Es

H4 were at an even greater risk of death from RCC.
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BTLA receptor

B and T lymphocyte attenuator (BTLA) is a member of the CD28 family of receptors
for B7 members. It is an inhibitory receptor that functions similarly to PD-1 and CTLA-4, aﬂd
is expressed on T and B cells, splenic macrophages and bone-marrow derived DCs (Carreno
and Collins, 2003). It is induced upon naive T cells activation, and while expression is down-
modulated on polarized Th2 cells, it remains on Th1 cells (Watanabe et al., 2003). BTLA" T
cells proliferate more in response to antigen presented by DCs than wild-type mice, and they
also display an increased susceptibility to peptide-antigen induced EAE (Watanabe ef al.,
2003). Deppong and co-workers have shown that BTLA, and also PD-1, are necessary for the
resolution and termination of acute allergic airway inflammation (Deppong et al., 2006).
Loss-of-function studies using mice deficient in BTLA or PD-1 showed persistent
inflammation up to day 15 following a single inhaled allergen challenge, while wild-type mice
had resolved inflammation by day 10. As mentioned above, the receptor for BTLA is the
herpesvirus entry mediator (HVEM) (Sedy et al., 2005). Gonzalez and co-workers also
identify this ligand as a receptor for BTLA, and show that the two interact with high affinity
and can form a trimeric complex with the TNF ligands LIGHT or lymphotoxin o (LTa)
(Gonzalez et al., 2005). HVEM is a member of the tumour necrosis factor receptor (TNFR)
family of co-stimulatory molecules, and binding of this molecule to BTLA represents a direct
interaction between the CD28 family and the TNFR family to mediate T cell inhibition.

Positive co-stimulation is required to augment T and B cell activation, however
inhibitory co-stimulation can just as firmly attenuate these responses. An effective immune

response is dependent upon the delicate balance between these positive and negative signals.
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1.5.3 The TNFR Family of co-stimulatory molecules

In addition to B7 co-stimulation, the TNFR (tumour necrosis factor receptor) family of
receptors are also involved in T cell activation. They can function after initial T cell activation
to sustain T cell responses, and TNFR family members are emerging as key mediators of
survival signaling in T cells following the initial effects of CD28:B7 interactions. A summary
of receptors and their ligands is detailed in Table 3. Interactions of the TNFR/TNF family can
influence innate immunity and inflammation, lymphoid organization, or activation of APCs,
and they can also act to provide direct signals to T cells (Watts, 2005). The future use of

TNFR/TNF agonists or antagonists in therapeutic applications to human disease is also a

possibility.
Ligand/Receptor Expression Receptor Expression
CD30L (CD153) Neutrophils, CD30 Activated T, NK
activated Band T and B cells
cells
CD40 APC, T subset, CD40L Activated T cells
endothelium,
cardiac myocytes,
fibroblasts
CD70 Activated B cells CD27 T cells, B subset,
NK
4-1BBL Activated B, DC, 4-1BB (CD137) Activated T cells
peritoneal cells
OX-40L Activated B cells, 0X-40 Activated T cells
cardiac myocytes
AITRL (GITRL) APC AITR (GITR) Treg, T
(upregulated)
LIGHT (HVEM-L) Activated T cells, HVEM Resting T cells,
monocytes, NK monocytes,
cells, immature DC immature DC
B7-H4
(a B7 family
member)
Table 3. The TNFR family of co-stimulatory receptors and their ligands.
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1.5.4 CTLA-4: Negative regulator of T cell activation

As mentioned earlier, CTLA-4 binds to the B7-members B7-1 and B7-2. It functions
as a negative regulator of T cell activation, as exemﬁliﬁed by studies in CTLA-4 deficient
mice, who die from massive lymphoproliferation within 3-4 weeks of birth (Tivol et al.,
1995). Consistent with the autoimmune phenotype observed in CTLA-4 deficient mice, there
is a correlation between some CTLA-4 gene polymorphisms in humans and the susceptibility
to autoimmune disorders (Kristiansen et al., 2000).
Structure and expression

CTLA-4, like CD28, is a type 1 transmembrane glycoprotein of the immunoglobulin
superfamily, and it forms a covalent homodimer of 41-‘43 kDa (Brunet et al., 1987; Linsley et
al., 1995). It shares approximately 30% homology with CD28 at the protein level. The
extracellular region is composed of an IgV-like domain that contains the B7-1/B7-2 binding
site. The cytoplasmic domain is 36 aa long, and the presence of a lysine-rich motif, two
tyrosine residues and a proline-rich region in this portion are associated with a signaling role
for the molecule (Lee et al., 1998; Teft et al.,, 2006). The gene encoding CTLA-4 is on
chromosome 1 in mice and chromosome 2 in humans. Alternative splicing of the transcript
can occur in the mouse and human. In humans, three forms of CTLA-4 can be detected; the
full length protein with all 4 exons, a soluble form that is missing exon 3, which codes for the
transmembrane domain, and a form that contains only the leader peptide sequence (exon 1)
and the cytoplasmic tail (exon 4). Murine CTLA-4 can also have another form, ligand-
independent CTLA-4 (IliCTLA-4), which is missing exon 2, the ligand-binding domain (Teft
et al., 2006). In addition to humans and mice, CTLA-4 is expressed in primates, dogs, cats,
cows, sheep and rats (Teft et al., 2006), and there are putative CTLA-4-like molecules in

rainbow trout and chickens (NCBI accession numbers XM 4211960.1 and AY789436.1).
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As mentioned earlier, CTLA-4 is principally expressed on activated T cells, but it is
also constitutively present on CD4'CD25" Treg cells (Lindsten ef al., 1993; Takahashi ef al.,
2000). It is commonly found intracellularly, and is quickly expressed on the cell surface upon
activation (Jago ef al., 2004). CTLA-4 gene expression has been discovered in non-T cells,
such as B cells, monocytes, granulocytes and embryonic cells, but the exact function of
CTLA-4 in non-T cells has not yet been fully elucidated (Ling et al., 1998; Pistillo et al.,
2003).

CTLA-4 binds its ligands B7-1 and B7-2 (dissociation constant Kd 0.2 and 2.6 uM,
respectively) with a much greater affinity than CD28 (Kd 4 and 20 puM respectively). The
structure of the CTLA-4 homodimer allows for bivalent B7 binding, whereas CD28 is
monovalent (see section 1.5.1 above). The majority of the functions of CTLA-4 are mediated
through these ligands. Indeed a triple knock-out mouse, deficient in B7-1 and B7-2 in
addition to CTLA-4 did not display the lymphoproliferative phenotype observed in mice
deficient in CTLA-4 alone (Mandelbrot e al., 1999). However the presence of the murine
ligand-independent isoform of CTLA-4, and recent studies outlining B7-independent
inhibition of T cells by CTLA-4 point to B7-independent .functions of CTLA-4, and also the
possibility of additional ligands (Chikuma et al., 2005; Vijayakrishnan ef al., 2004). The
liCTLA-4 molecule was associated with increased risk for disease in the NOD mouse model
of type 1 diabetes (Vijayakrishnan et al., 2004). LiCTLA-4 inhibits both T cell production
and cytokine production with dephosphorylation of the TCR £ chain, indicating that the
cytoplasmic chain, independent of B7 binding, can induce a negative signal (Vijayakrishnan et
al., 2004). Chikuma and co-workers used a ligand non-binding mutant of CTLA-4 in

otherwise CTLA-4" cells to demonstrate B7-independent inhibition of T cell proliferation,
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and CTLA-4"" mice that were bred with the mutant transgene delayed the lethal autoimmune
phenotype observed in CTLA-4" mice (Chikuma ef al., 2005).
Mechanism of inactivation and signaling

CTLA-4 employs two mechanisms of T cell inactivation, antagonism of CD28-
dependent co-stimulation and direct negative signaling through the cytoplasmic tail. APC:T
cell interactions lead to the formation of an immunological synapse (IS), which contains lipid
rafts on the surface of both cells. CD28 engagement by B7-1 or B7-2 leads to the relocation
of intracellular CTLA-4 closer to the site of TCR engagement. Its surface expression is
increased and clustering occurs within the lipid rafts at the IS. Once at the IS, CTLA-4 may
now compete with CD28 for the binding of B7 molecules (Linsley et al., 1995). Antibody
cross-linking of CTLA-4 and TCR even in the presence of non-limiting CD28 can also inhibit
IL-2 production and cause cell cycle arrest, suggesting the second mechanism of operation for
CTLA-4 (Krummel and Allison, 1996). This mechanism does not require high surface
expression of CTLA-4, but is dependent on the presence of the cytoplasmic tail (Carreno et
al., 2000).

There are three models in which CTLA-4 may deliver its negative signal, inhibition of
the early events of TCR signaling, inhibition of the downstream events of TCR and CD28
signaling and direct inhibition of CD28-dependent signaling (Rudd and Schneider, 2003).
Cytokine production is down-modulated through the inhibition of transcription factors AP-1,
NF-xB and NFAT in the nucleus of activated T cells. It exerts its anti-proliferative effect via
inhibition of cyclin D3, cyclin-dependent kinases 4 and 6 and degradation of cell-cycle
inhibitor p27"*" (Brunner et al., 1999).

The exact CTLA-4 signaling pathway has not been fully elucidated, but the

cytoplasmic tail does not have enzymatic activity and it lacks the immune receptor tyrosine-
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based inhibitory motif (ITIM) found in other inhibitory receptors. However many other
protein:protein interaction motifs are present. An overview of the mechanism of T cell
inactivation by CTLA-4 is outlined in Figure 1.6, taken from (Teft et al., 2006). The current
theory is that CTLA-4 signaling is principally regulated by the serine/threonine phosphatase
PP2A, acting downstream of early TCR and CD28 signaling, either by direct competition with
PI3K or by inhibition of the PKB/Akt pathway.
CTLA-4 in Th2 regulation

CTLA-4 plays a crucial role in control of Th2 respbnses, in particular in regulation of
Th2 differentiation. In vitro TCR stimulation of T cells from CTLA-4 deficient mice induces
secretion of high levels of the Th2 cytokines IL-4 and IL-5. T cells from CTLA-4"" mice
treated with a murine CTLA-4Ig do not exhibit this Th2 polarisation (Khattri et al., 1999).
Studies using wild-type or CTLA-4" OVA-TCR transgenic mice demonstrate that CD28 is
necessary for promotion of Th2 differentiation, while CTLA-4 is critical for its limitation
(Oosterwegel et al., 1999). CTLA-4 surface expression has been shown to be induced at high
levels in Th2 cells compared to Thl cells (Pandiyan et al, 2004). CTLA-4 regulated
activation induced cell death (AICD) in these cells via suppression of the Fas system by
targeting PI3K (Pandiyan ef al., 2004). As mentioned earlier (section 1.4.3), T-bet and
GATA-3 are the principal Th1/Th2 differentiation markers in T cells respectively. CTLA-4
inhibits mRNA expression of the Th2 transcription factor GATA-3 in naive CD4" T cells
upon neutral or Th2-polarising conditions (Nasta et al., 2006). Engagement of CTLA-4 had
little effect on T-bet mRNA expression during helper cell differentiation (Nasta et al., 2006).
Biological function for CTLA-4

A role for CTLA-4 has been purported in the control of Th2-mediated diseases, such

as nematode infection. Blockade of CTLA-4 induced protective immunity to mice infected
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Figure 1.6. Mechanisms of CTLA-4-mediated T cell inactivation. CD28 and
CTLA-4 are sequentially (t, and t,) phosphorylated by different kinases in a Lck/ZAP-
70-dependent manner following T cell activation. CD28, when phosphorylated,
activates PKB and also down-regulates Rapl (G protein) and Cbl-b (E3 ubiquitin
ligase). B7-ligation of CTLA-4 is associated with phosphorylation-dependent
dissociation of PP2A. This may cause inhibition of the PKB pathway, or enhance the
activity of Rapl and Cbl-b, which may lead to inhibition of downstream signaling
events. Taken from Teft et al., 2006.
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with Nippostrongylus brasiliensiliensis (McCoy et al. ,. 1997), and it has been implicated in the
T cell hyporesponsiveness observed in filaria-infected patients (Steel and Nutman, 2003). In
il
addition, blocking of CTLA-4 was shown to enhance allergic sensitization and eosinophilic
airway inflammation in BALB/c mice, with a significant reduction in lung levels of the
regulatory cytokine, TGF-B (Hellings ef al., 2002). However while another group also found
that blockade of CTLA-4 confounded airway inflammation, in a chronic model it failed to
prevent inhalation tolerance (Alenmyr et al., 2005). Using a murine peanut allergy model, it
was shown that while CTLA-4 was involved in regulating the intensity of hypersensitivity
responses, it was not decisive in preventing the induction of sensitization (van Wijk et al.,
2005). In the Thl malaria model Plasmodium berghei, CTLA-4 is important for the
prevention of T-cell induced liver pathology at the erythrocyte stage, with increased IFN-y-
producing liver T cells and liver damage in mice treated with a blocking antibody against
CTLA-4 (Jacobs et al., 2004).
CTLA-4 and T, cells
Regulation of cell activation by CTLA-4 has previously been discussed in the context
of Ty cells and in other disease models such as tumours and colitis (section 1.4.5). The
suppressive properties of human CD4CD25" Treg cells are dependent on CTLA-4 expression
(Birebent er al., 2004). A murine study showed that T cell suppression by wild-type Treg i$
CTLA-4 dependent, but T,,-mediated suppression was still observed in Treg from CTLA-4™
mice, and functioned in a partially TGF-B-dependent manner (Tang et al., 2004). T cells are
important in peripheral allograft tolerance, and it was recently demonstrated that tolerance
could be established by blocking of co-stimulation using anti-CD40L and anti-CD86 mAbs,

where CD4"CD25" Treg-mediated mechanisms dominated (Coenen et al., 2006). CTLA-4 was
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required for this anti-CD40L/anti-CD86-mediated inhibition of the allogeneic response, as
were CD4"CD25" T, cells, however CTLA-4 engagement was not required for the activation
or function of the Ty, cells (Coenen ef al., 2006). T cells may also function to inhibit T cell
responses indirectly, with Tyg-conditioned DCs undergoing rapid down-modulation of B7-1
and B7-2, and inducing poor T cell proliferative responses. This down-modulation was
CTLA-4 dependent (Oderup et al., 2006).
IDO

As mentioned earlier, CTLA-4Ig was used to reverse signal through B7-1 and B7-2 on
DCs to induce IDO expression and tryptophan catabolism (Grohmann et al., 2002). CTLA-4-
bound B7 molecules on DCs also lead to IDO production in human studies (Munn et al.,
2004). The functional association between CTLA-4 and IDO is gaining stature through
studies in allograft rejection, the control of autoimmune conditions, and increased anti-tumour
responses upon blocking CTLA-4 (Phan et al., 2003; Salomon and Bluestone, 2001). Boassé
and co-workers recently demonstrated that CTLA-4 can induce IDO expression in human
CD4" T cells as well as in DCs, and that engagement of B7 molecules with CTLA-4lg
inhibited T cell activation in an IDO-dependent mechanism (Boasso ef al., 2005).
Cbl-b

CD28 and CTLA-4 may also have an additional role in controlling the threshold of T
cell activation by regulating protein expression of Casitas B-cell lymphoma (Cbl-b) (Li et al.,
2004), also shown in Figure 1.6. Cbl-b is an E3 ubquitin ligase that plays a crucial role in
regulating the threshold of signaling in T cells, and Cbl-b deficient mice have an increased
susceptibility to autoimmune disease (Bachmaier et al., 2000; Chiang et al., 2000). Cbl-b
regulates the activity of Vav, Vav-1 is activated by CD28 co-stimulation, which uses Vav-1 to

enhance TCR signaling and NF-AT activation (Michel et al., 2000). The function of CD28
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and CTLA-4 may be dependent on Cbl-b, as their co-stimulation and co-inhibition effects are
uncoupled in Cbl-b” T cells. CD28 costimulation results in the downregulation of Cbl-b,
while engagement of CTLA-4 on leads to re-expression on Cbl-b. In addition, CTLA-4"" T
cells have significantly lower levels of Cbl-b (Li et al., 2004). In a study of healthy Israelis
and persistently helminth-infected individuals (Ethopian migrants to Israel), increased TGF-f3,
Cbl-b and CTLA-4 levels were detected in association with immunosuppression and this

correlated with chronic immune activation (Leng et al., 2006).

It is clear that CTLA-4 is a potent inhibitor of CD28-mediated T cell activation, and
that there is great potential to exploit its functional suppressive ability in the treatment of
autoimmune disorders. Orencia, from Bristol-Myers-Squibb, is a CTLA-4Ig that is the first-
in-class antagonist of CD28 costimulation. It was licensed for use by the FDA in December
2005 for the treatment of rheumatoid arthritis, and may be a promising therapeutic for the
treatment of other diseases in the future (Bluestone ef al., 2006).

1.5.5 The PD-1:PD-L pathway

The PD-1:PD-L pathway is a relatively recently described inhibitory co-stimulatory
pathway. Engagement of programmed death-1 (PD-1) with its ligands PD-L1 (B7-H1) and
PD-L2 (B7-DC), was reported to inhibit T and B cell proliferation and cytokine production
(Freeman et al., 2000; Latchman et al., 2001; Okazaki et al., 2001). The PD-1 receptor was
originally thought to be involved in the programmed death pathway, hence its name. It is an
Ig superfamily member that is related to CD28 and CTLA-4, but it does not contain the
membrane proximal cysteine residue that enables homodimerisation, and so is monomeric
(Freeman et al., 2000; Zhang et al., 2004). It shares 23% homology with CTLA-4, but lacks

the MYPPPY motif in its extracellular domain, which is necessary for B7-1 and B7-2 binding.
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There are two tyrosine residues in its cytoplasmic domain, one is located within an ITIM,
which is typically associated with inhibitory signals (Ravetch and Lanier, 2000). However the
second tyrosine residue is located within an ITSM (immunoreceptor tyrosine-based switch
motif), and it is this motif that is responsible for the inhibitory activity of PD-1 (Latchman et
al., 2001; Okazaki et al., 2001). Upon interaction of PD-1 with its ligands (PD-L1 or PD-L2),
the N-terminal phosphorlyated tyrosine on the ITSM motif recruits src homology 2 domain-
containing tyrosine phosphatase 2 (SHP-2). SHP-2 then dephosphorylates signal transducers
of the TCR or BCR pathways (Latchman et al., 2001; Okazaki et al., 2001), although its exact
molecular targets remain unclear. SHP-1 is also recruited through the PD-1 ITSM motif in T
cells, however only SHP-2 is recruited in B cells (Chemnitz ef al., 2004). PD-1 is similar to
CTLA-4 in that only very low levels of the molecule are required to induce potent suppression
of T cell activation (Chemnitz et al., 2004).

PD-1-mediated inhibition requires co-localisation of PD-1 with TCR/CD28. CTLA-4
and PD-1 both limit glucose metabolism and Akt activation, albeit by different mechanisms,
PD-1 via blocking of CD28-mediated activation of PI3K, and CTLA-4 via protein
phosphatase 2a (PP2A). PD-1 also inhibits expression of the cell survival gene bcl-x;, (Carter
et al., 2002). PD-1 is expressed on activated CD4" and CD8" T cells, B cells and myeloid
cells (Agata et al., 1996). It is also expressed on CD4°CDS8" cells and double negative Y3
thymocytes during thymic development (Nishimura ef al., 2000). Studies in PD-1 deficient
mice have highlighted the crucial role for PD-1 in immune regulation. Increased T and B cell
proliferation and propensity to develop autoimmune disease were observed in PD-1 knock-out
(ko) mice (Nishimura ef al., 1998). C57BL/6 PD-1 ko mice develop lupus-like autoimmune
proliferative arthritis and glomerulonephritis (Nishimura et al., 1999), and PD-1 ko BALB/c

mice develop severe autoimmune dilated cardiomyopathy followed by death due to congestive
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heart failure (Nishimura er al, 2001). Human studies have also suggested a potential
regulatory role for PD-1. An association between an intronic single nucleotide polymorphism
(SNP) in the PD-1 gene and development of systemic lupus erythematosis (SLE) has been
shown in a recent study on SLE patients (Prokunina et al., 2002). The same SNP was also
associated with increased risk of disease in a study on type 1 diabetes patients (Nielsen et al.,
2003).
PD-1 ligands

The ligands for PD-1 are PD-L1 and PD-L2, both members of the B7 family of co-
stimulatory ligands. PD-L1 shares 40% homology with PD-L2, and both genes are mapped on
the same chromosome in both humans and mice (9p24.2, and between 19C2 and 19C3
respectively). PD-L1 is constitutively expressed on T cells, B cells, macrophages and DCs in
the spleen (Liang et al., 2003). It is also expressed on a variety of non-lymphoid organs, such
as the heart, lung, placenta and pancreas (Liang ef al., 2003). PD-L2 is predominantly
expressed on DCs, but also on macrophages and B cells (Latchman ef al., 2001; Yamazaki et
al., 2002). The expression of PD-L1 on peripheral tissues may be important in providing
inhibitory co-stimulation to previously-activated T cells, to suppress aggressive inflammatory
responses and self reactivity at the effector site. Since PD-1 may also be expressed on B cells
and macrophages, this suggests potential bi-directional interactions between PD-L1 and PD-1.
Expression of PD-L1 on tumour cell lines (Dong and Chen, 2003) suggests that tumour cells
have usurped the natural function of this ligand, to escape from immune attrition.

Interaction of PD-L with PD-1 causes cell cycle arrest in GO/G1, however cell death is
not induced (Latchman et al., 2001). The inhibition of T cell proliferation is mediated by
inhibition of IL-2, and affects both CD4" and CD8" T cells (Carter et al., 2002). CD8" cells

may be more susceptible because of their inherent inability to produce significant levels of IL-
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A

2. Co-stimulation with soluble anti-CD28 stimulates IL-2 production, which can overcome
PD-1-mediated inhibition. However the PD-1 pathway continues to inhibit IL-2 production
even with positive co-stimulation, and the inhibitory pathway eventually prevails. The
anergised T cells do not lose IL-2 responsiveness as addition of exogenous IL-2 overcomes
the PD-1 mediated inhibition and restores T cell proliferation (Carter et al., 2002). Antigen-
specific T cell proliferation was also augmented upon blocking of the PD-1 pathway in
response to immunization in vivo (Salama et al., 2003). PD-L1 and PD-L2 are differentially
regulated by Thl and Th2 cells (Loke and Allison, 2003). PD-L1 was shown to be highly
expressed on inflammatory macrophages, with further up-regulation upon stimulation by LPS
and IFN-y. It was demonstrated that PD-L2 could be induced on APCs by alternative
activation via IL-4, and it was not expressed on inflammatory macrophages. This suggests
that PD-L1 and PD-L2 may have distinct roles in the regulation of Thl and Th2 responses
(Liang et al., 2003; Loke and Allison, 2003). Although PD-17" mice exhibit marked
predisposition to autoimmune disease, and show increased T and B cell proliferation
(Nishimura et al., 1998), PD-L2 deficient mice show no abnormal phenotype up to one year of
age, with no indication of autoimmunity or immunopathology (Shin et al., 2003). Recent
studies using anti-PD-L1 mAbs in vivo suggest a role for PD-L1 in regulating autoimmune
diseases (Ansari ef al., 2003; Salama et al., 2003).

Dong and co-workers recently showed that PD-L1 determines accumulation and
deletion of intrahepatic CD8" T lymphocytes, as PD-L17" mice had spontaneous accumulation
of CD8" cells in the liver, with normal CD4" levels (Dong et al., 2004). Normal numbers and
ratios of T cells in the spleen, thymus and lymph nodes were found, and PD-L1 ko mice up to
14 months old showed no obvious pathological changes, with a life-span comparable to aged-

match wild-type (wt) mice. However experimental autoimmune hepatitis is accelerated in ko
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mice compared to wt, with 40% of ko mice dying upon induction of the disease compared to
10% of wt animals. More recently, another group have also prepared PD-L1”" mice and
demonstrated that PD-L.1 on T cells, APCs and host tissues negatively regulates T cells, and
plays a critical role in T cell tolerance (Latchman ef al., 2004). They showed that CD4" and
CDS8" responses of ko mice were significantly enhanced in vivo and in vitro. An experimental
model of autoimmune encephalomyelitis showed that PD-L1 on T cells and host tissues limits
responses of self-reactive CD4" cells in vivo. A PD:PD-L pathway overview is outlined in
Figure 1.7.
The PD-L pathway in disease

The PD-1:PD-L pathway of co-inhibition has been implicated in many diseases, such
as autoimmunity, asthma, infectious disease including viral infection, transplantation ar“idc'i
tumour immunity. As mentioned earlier, a role for the pathway in autoimmunity and immune
tolerance was initially suggested from studies on PD-17" mice. The use of blocking mAbs
against PD-1 and PD-L1 in pre-diabetic female NOD mice or male NOD mice caused rapid
disease development, which correlated with increased IFN-y-producing GAD-reactive
splenocytes. However treatment with blocking antibodies against PD-L2 had no effect on the
onset of disease (Ansari et al., 2003). PD-L1 is expressed on infiltrating cells in the islets, and
is markedly upregulated on islet cells in pre-diabetic mice, implicating it in the control of self-
reactive T cell responses in the pancreatic islets (LiangA et al., 2003). In contrast to thls,
another study showed that transgenic C57/BL6 mice that have constitutive expression of PD-
L1 on pancreatic islet B cells are more susceptible to spontaneous development of autoimmune
diabetes (Subudhi ef al., 2004). Keir and co-workers have now shown that PD-L1 expression

on parenchymal cells rather than haematopoietic cells is involved in protection against
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Figure 1.7. The PD-1:PD-L Pathway. Resting DCs and virus- or parasite-
treated DCs express higher levels of PD-L than other co-stimulatory ligands (lime
green) and MHC class I/Il (blue), leading to PD-PD-L induced T cell anergy.
Activated DCs express lower levels of PD-L than other co-stimulatory ligands and
MHC class I/Il, and activating stimuli overcome the negative effect of PD-1, leading
to T cell activation. Another possibility is that PD-L can bind to a positive co-
stimulatory receptor that induces T cell activation. Modified from Okazaki ef al.,
2006.
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autoimmune diabetes (Keir ef al., 2006). Bone-marrow chimeras that only express PD-L1 and
PD-L2 on cells of nonlymphoid hematopoietic origin demonstrated that expression of PD-L1
and PD-L2 on APCs alone was not sufficient to protect against the early onset diabetes
associated with PD-L1/PD-L2” mice (Keir et al., 2006).
Autoimmune disease

The PD-1 pathway also plays an important role in the regulation of experimental
autoimmune encephalomyelitis (EAE). This has been highlighted in both PD-L1 mAb
blocking studies (Salama ef al., 2003) and studies using PD-L1”" mice (Latchman et al.,
2004), where disease was exacerbated in mice lacking functional PD-L1. PD-LI has also
been implicated in a mouse model of inflammatory bowel disease. In the CD45RB" T cell
adoptive transfer model, blockade of PD-L1, but not PD-L2 suppressed the development of
intestinal inflammation. IFN-y, IL-2 and TNF-a prodhction were reduced, but IL-4 and IL-10
levels remained the same (Kanai ef al., 2003).

Rheumatoid arthritis (RA) may also be regulated in some ways by the PD-1 pathwa;/l.
PD-1 is expressed at higher levels on T cells in the synovial fluid of patients with RA (Hatachi
et al., 2003). Autoantibodies against PD-L1 have also been detected in patients with RA, they
were detected in 29% of patients versus 4% in healthy donors (Dong et al., 2003). The
pathway is also implicated in Sjogren’s syndrome (SS), with enhanced expression of PD-1 and
PD-L1 in salivary gland lymphocytes of patients with the syndrome (Kobayashi et al., 2005).
Transplantation

Cardiac and islet transplantation studies have demonstrated a role for members of th?
PD-1 pathway. It has been shown that PD-1, PD-L1, and PD-L2 are upregulated in cardia'c
allografts that are undergoing rejection (Ozkaynak et al., 2002). In islet cell transplantation,

expression of PD-L1 promoted organ-specific autoimmunity, suggesting that here it
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functioned to activate T cell responses, rather than suppress them (Subudhi ef al., 2004).
Mycophenolic acid (MPA) is a non-competitive, reversible inhibitor of the inosine 5’-
monophosphate dehydrogenase, which plays a majér role in the de novo synthesis of
guanosine mucleotides, and so is important for immunosuppression. MPA was shown to
upregulate PD-L2 expression on DCs, and this was associated with the impaired
allostimulatory capacity of the DCs (Geng ef al., 2006).
PD-L in tumour immunity

Both PD-L1 and PD-L2 are expressed on various tumour cells (Greenwald et al.,
2005). PD-L1 on tumour cells can suppress the cytolytic ability of CD8" T cells (Hirano et
al., 2005; Iwai et al., 2002). Antibody blockade of PD-L1 improved myeloid DC-mediated
anti-tumour immunity (Curiel et al.,, 2003). The use of gene therapy to block PD-1
interactions also improved the anti-tumour effect of secondary lymphoid tissue chemokine (He
et al., 2004). An association between tumour cell expression of PD-L1 or PD-L2 and poor
prognosis has been demonstrated in humans. Patients with renal cell carcinoma that had
enhanced lymphocyte and/or tumour cell expression of PD-L1 were 4.5 times more likely to
die from their illness than patients with low levels of PD-L1 (Thompson et al., 2004). Patien.t;
with eosophageal cancer that have PD-L1" and PD-L2" tumour cells have significantly
reduced survival rate than patients with PD-L" tumour cells, with only 50% survival after 1
year compared to 100% in PD-L" patients, and no survivors past 3 years, compared to 70%
survival in patients with PD-L" tumours (Ohigashi ef al., 2005). It is clear that blockade of the
PD-1 pathway to reverse the immunosuppressed host could have major implications in future

cancer therapies.
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Allergies and asthma

The use of a murine hapten-induced contact hypersensitivity model showed a role for
PD-1:PD-L1, but not PD-L2 in the regulation of allergic inflammation (Tsushima ez al., 2003).
mAb blocking of PD-1, and PD-L1, but not PD-L2 resulted in increased contact
hypersensitivity responses. In murine models of asthma, allergen challenge with OVA
increased PD-1 expression on T cells in the lung and draining lymph node (DLN). PD-L1 was
upregulated on macrophages, DCs and B cells in the lungs, while PD-L2 expression was
significantly elevated in DCs and slightly increased in macrophages in the lung and DLN
(Matsumoto et al., 2004). Treatment with blocking antibodies to PD-1 or PD-L1 at the time of
allergen challenge had no effect on airway hyperresponsiveness (AHR). However treatment
with anti-PD-L2 mAb lead to increased AHR, associated with increased eosinophilia and
elevated IL-5 and IL-13, while IFN-y production in the lungs and DLN was reduced
(Matsumoto et al., 2004). This highlights a PD-1 independent function for PD-L2. IFN-y
depletion showed that the effects were in part mediated by an IFN-y-dependent mechanism
(Matsumoto et al., 2004). Another study showed that while administration of a PD-L2 fusion
protein (PD-L2-Fc) was capable of inhibiting proliferation of pre-activated Th0, and also Th2-
polarised cells in vitro, administration of PD-L2-Fc in vivo in an OVA AHR model resulted in
increased eosinophil and lymphocyte infiltration into the bronchial lavage fluid, with an
associated increase in Th2 cytokines IL-5 and IL-13 from the DLN (Oflazoglu et al., 2004).
This appears to contradict the work of Matsumoto and colleagues, however the treatment
regime was different, with administration of the fusion protein before sensitization as well as
at the time of allergen challenge. However both studies seem to implicate a PD-1 independent

role for PD-L2.
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Role in Th1/Th2 responses?

The induction of PD-L1 and PD-L2 by different stimuli has been discussed earlier
(Loke and Allison, 2003), suggesting that PD-L1 may preferentially regulate Thl responses.
PD-L17" and PD-L2” mice were used to dissect what role, if any, these two ligands play in the
regulation of immunity to cutaneous leishmaniasis (Liang et al., 2006). Wild-type 129Sv
mice were susceptible to infection with L. mexicana, but PD-L17" mice were more resistant to
infection, and displayed reduced parasite burden and growth of cutaneous lesions. However
PD-L2”" mice had increased parasite burden and elevated disease pathology. In contrast to
other studies on PD-L17" mice (Dong et al., 2004; Latchman et al., 2004), the IFN-y Thl
response was not elevated in L. mexicana-infected PD-L1”" mice. There was however a
significant reduction in production of the Th2 cytokine IL-4, which could indicate a defect in
polarizing cells towards the Th2 phenotype, or a skewing towards a Thl response. There was
no alteration in the Th1/Th2 response in PD-L2"" infected mice, but there were elevated levels
of L. mexicana antigen-specific IgM and IgG2a, suggesting a role for this molecule in
regulation of B cell responses.
Role in viral immunity

Perhaps the most exciting discovery relating to the PD-1:PD-L pathway in recent times
is its involvement in the generation of exhausted T cells during chronic viral infection (Barber
et al., 2006). Initial studies showing that PD-1:PD-L1 interactions may be important for
controlling anti-viral responses involved adenovirus infection of PD-17" mice, with these mice
displaying augmented effector T cell proliferation in the liver, and improved virus clearance
(Iwai et al., 2003). The demonstration of expanded CD8" T cell populations in the liver of
PD-L17" mice also implied a role for the PD-1:PD-L1 pathway in antiviral immunity (Dong et

al., 2004). This pathway is involved in induction of the T cell anergy that occurs upon
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infection with the human rhinovirus (HRV) (Kirchberger et al., 2005). Treatment of DCs with
HRYV lead to increased PD-L1 and sialoadhesion expression, and HRV-treated DCs wefe
unable to stimulate T cell proliferation. Blocking of PD-L1 and sialoadhesion resulted in
restoration of DC-mediated T cell proliferation.

Chronic viral infection or progressive tumours in mice and humans can lead to
impairment of effector functions of the responding CD8" T cells. Such T cells are said to
become exhausted (Appay et al., 2000; Zajac et al., 1998). These exhausted T cells usually
die soon after, and until recently it was unknown whether this exhausted stage could be
reversed. Barber and co-workers have shown that blockade of PD-1:PD-L1 interaction in
mice chronically infected with lymphocytic choriomeningitis virus (LCMV) was sufficient to
enhance T cell responses and restore function to the exhausted CD8" T cells (Barber et al.,
2006). Blocking PD-1:PD-L1 interactions during acute infection with Armstrong-LCMV does
not affect the number of LCMV-specific CD8" T cells. PD-1 was highly expressed on
exhausted T cells in the LCMV clone 13, used in the chronic infection model, but was only
transiently expressed on CD8" T cells after infection with Armstrong LCMV. Clone 13
LCMV infects DCs, but the Armstrong LCMV does not, implicating a role for PD-L1-
expressing DCs in induction of these exhausted T cells. Various mechanisms on how PD-1
blockade may restore T cell function have been suggested. That blockade of the PD-1:PD-L1
pathway can have a beneficial effect on anti-viral immunity is an important discovery in the
field, and will surely play a role in future clinical research into anti-viral therapies.

Positive co-stimulatory function of the PD-1:PD-L pathway

Although a large body of evidence reports that the PD-1 pathway mediates inhibitory

responses through its receptors PD-L1 and PD-L2, a number of laboratories have also reported

positive co-stimulatory activities for PD-L1 and PD-L2 (Dong et al., 1999; Tseng et al.,

-1
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2001). It has recently been shown that blockade of PD-L1 on macrophages induces CD4" T
cell suppression. Such suppression was principally mediated by increasing IFN-y-induced
nitric oxide production (Yamazaki et al., 2005). This raises the possibility that signalir}gi
through PD-1 can mediate positive as well as negative co-stimulatory signals. The ITSM
motif is involved in PD-1 mediated activities, as opposed to the ITIM motif more generally
associated with co-stimulator molecule inhibition. The ITSM motif on another molecule,
CD150, has been shown to bind alternative downstream targets to affect either positive or
negative signaling (Sharpe and Freeman, 2002; Shlapatska et al., 2001). PD-1 could also
function in this way, which would explain the discrepancies between the positive and negative
effects of the pathway (Khoury and Sayegh, 2004). Another mechanism for how PD-L
expression on activated DCs induces T cell activation has also been postulated. PD-L
expression is lower than other co-stimulatory ligands and MHC class I and II, and the
activating stimuli overcome the negative effect of PD-1 (Okazaki and Honjo, 2006).

B7-1 and B7-2 bind to both positive (CD28) and negative (CTLA-4) co-stimulatory
receptors, and by analogy to this, an as yet unidentified second receptor for PD-L2 and PD-L2
has also been suggested (Dong ef al., 2002). A number of PD-1-independent, co-stimulatory,
functions for PD-L1 and PD-L2 have been shown. PD-L2 on DCs can positively co-stimulate
PD-17" T cells in vitro, and synergises with B7-1 and B7-2 to promote T cell proliferation and
cytokine production (Shin et al., 2003). Liu and co-workers also suggested a positive role for
PD-L2 in vivo, by showing that it promoted tumour immunity via a PD-1-independent
mechanism (Liu et al., 2003). Studies on PD-L2"" mice imply an in vivo co-stimulatory role
for this molecule in selectively enhancing Th1 and cytotoxic T lymphocyte responses (Shin et

al., 2005). CD4" T cell IFN-y production was impaired, as were antigen specific CD8" cells
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responses and CTL activity. In other studies, PD-L1 and PD-L2 mutants, which had lost the
ability to bind PD-1, could co-stimulate proliferation and cytokine production of T cell from
wt and PD-17" mice (Wang et al., 2003). So while the inhibitory functions of the PD-1:PD-L
pathway appear to act via PD-1, the positive co-stimulatory properties of the PD-L ligands
could be mediated via an unknown receptor. Identification of this receptor will further
elucidate the mechanisms behind this B7 pathway, and benefit our understanding of the
intricacies of immune regulation. An overview of the PD:PD-L pathway, including potential
mechanisms for its dual co-stimulatory/inhibitory activity, is outlined in Figure 1.7.
1.5.6 T cell activation and co-stimulation in S. mansoni infection

The role of T cell activation and co-stimulation during schistosome infection has been
addressed in relatively few studies. Hernandez and co-workers demonstrated exacerbated
pathology during S. mansoni infection of mice deficient in both B7-1 and B7-2 (Hernandez et
al., 1999). CD4" Th cells from B71/2” mice had markedly reduced proliferation to egg
antigen compared to wildtype infected mice, with secretion of only IFN-y, and not IL-10 or
IL-4. Similarly, exacerbated pathology was also observed in mice that had disrupted ICOSf1
ICOS-L interactions by mAb treatment, with enhanced hepatic immunopathology and elevated
levels of CD4" T cell-derived IFN-y production (Rutitzky ef al., 2003). CD40-L (CD154)"
mice infected with S. mansoni have impaired Th2 development and increased morbidity and
mortality (MacDonald et al., 2002a), and CD40 has been shown to be essential for induction
of the SEA-driven Th2 response in DCs (MacDonald et al., 2002b). Using S. mansoni or
Toxoplasma gondii-infected CD154” mice, the same group also demonstrated that
CDA40/CD40-L interaction is critical for maintaining activation of DC, regardless of whethe;

:,U
the outcome is a Th1 or Th2 response (Straw et al., 2003). The inhibitory co-stimulator PD-
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L2 was also shown to be upregulated on splenic DCs from S. mansoni-infected mice (Straw et
al., 2003). Infection of CBA/J mice with S. mansoni also lead to increased expression of PD-
L2 on DCs, with PD-1 expression on CD4" T cells also being increased (Colley et al., 2005).
Colley and co-workers found a correlation with PD-L2" DCs and PD-1" CD4" T cells and

morbidity in chronic schistosomiasis.
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1.6  Thesis objectives

The introduction highlighted the importance of effector T cells and macrophages in S.
mansoni infection, and showed that schistosome infection can exert immunomodulatory
effects on the host. Regulatory T cells, and the co-stimulatory molecules CTLA-4 and PD-1,
with its ligands PD-L1 and PD-L2, have also been highlighted as crucial regulators of
immunity. In this thesis I aimed to examine the underlying mechanism of T cell activation
during S. mansoni infection of mice. Another objective as part of this was to assess the role of
regulatory T cells and the CTLA-4 and PD-1 co-stimulatory pathways during S. mansoni

infection. I had three aims to address these overall objectives.

1. Examine the role of regulatory T cells during S. mansoni infection, by
assessing regulatory cell markers and function, and using mAb depletion or
blocking studies against regulatory cell markers during acute and chronic
infection.

2, Investigate the mechanism of T cell activation during schistosome infection,
and extend this to examine the levels of expression of co-stimulatory pathway
molecules during worm-only and worm-and-egg-infection.

3 Evaluate the role of the PD-1:PD-L1/PD-L2 pathway during S. mansoni
infection, using mAb blocking studies and also a transgenic (PD-L1 ko) mousé

model.
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2.1  Mice
Female and male C57/BL6 and BALB/c mice were purchased from Harlan, U.K., and bred in-
house. Outbred female CD1 mice from TCD were obtained for egg and worm production.
DO.11.10 OV A3;3.339 specific TCR transgenic mice (Murphy et al., 1990), and bicistronic 4get
IL-4 reporter mice (4get) (Mohrs et al., 2001), both on a BALB/c genetic background, were
purchased from The Jackson Laboratories (USA), and bred in-house. PD-L1” mice, on a
C57/BL6 background, were obtained from Professor Lieping Chen, (Department of Biology,
The John Hopkins University, Baltimore, Maryland, US)(Zhang et al., 2004), and bred in-
house. Mice were housed in individually ventilated and filtered cages under positive pressure
(Techniplast, UK). Irradiated food and water were supplied. Sentinel mice were screened
(Surrey Diagnostics Ltd, UK) to ensure Specific Pathogen Free status.

[ am grateful for the assistance of lab members Dr. Padraic Fallon, Dr. Phil Smith and

Dr. Niamh Mangan in the procedures involving the requirement for an animal licence.

2.1.1 Genotyping

Tail snips (0.5 - 1 cm) were taken to isolate genomic DNA, and PCR was performed to
genotype the mice. DNA was isolated using the Wizard SV Genomic DNA Isolation Kit
(Promega). Pieces of tail were cut in half and digested overnight at 55°C in digestion mi;(
containing proteinase K. Undigested tail and hair was spun down and DNA isolated from the
supernatant. 5 pl of DNA was used per PCR reaction. Primers and protocols for PCR

genotyping of tails are detailed in appendix II.
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2.2 Parasitology

2.2.1 Schistosoma mansoni infection

The Schistosoma mansoni life cycle is routinely maintained in the Department of
Biochemistry (Trinity College Dublin). Biomphalaria glabrata snails, an albino strain from
Puerto Rico, served as intermediate hosts. Female and male BALB/c or CD1 mice, 6-8 weeks,

are used as the mammalian hosts.

2.2.1 Snail maintenance and infection

2.2.1.1 Snail Maintenance and breeding

Snails were maintained in plastic containers containing aerated artificial aquarium water
(Lepple water; see appendix I). The containers were stored in incubators with a constant
temperature of 28°C, and a 12 hour day/night cycle. The snails were fed daily with
commercial fish food (Tetrapond). For the purposes of breeding, polystyrene rafts were
placed in breeding tanks where the eggs laid by the hermaphrodite snail attach to the underside

of the rafts. These rafts were then removed to separate tanks for hatching.

2.2.1.2 Snail Infection

The liver of an infected mouse was removed approximately 49 days post infection, and
homogenized in a Waring blender in double strength (2x) saline. This gently disrupts the
tissue surrounding the egg, while the use of 2x-saline serves to prevent the eggs from
hatching. Lepple water was added to the resulting solution to start eggs hatching into
miracidia. The solution was transferred to a conical flask wrapped in aluminium foil. A lamp
was shone onto the neck of the flask for 30 minutes. The miracidia that hatch from the eggs

are phototropic and swim to the top towards the light source. The number of miracidia was
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assessed by collecting a sample from the top of the solution and counting them under the
microscope. For snail infections, individual snails were placed in 1 ml Lepple water in a 24-
well plate and were exposed to 4-6 miracidia for 6 hours. They were then placed back into
fresh containers in a dark incubator for 21 days, to allow asexual multiplication and
development of the redia. Snails were checked for infection after 28 days, where individuals
were transferred into the wells of a 24 well plate in 1ml Lepple water and placed under a lamp
for 90 minutes. Infected snails shedding cercariae were visualized under a microscope.
Cercariae were counted by obtaining ten 10 pl samples per well, and staining with Lugol’s

iodine, which killed the cercariae and allowed easier visualization under the microscope.

2.2.1.3 Unisexual (male only) infection

Snails were exposed to a single miracidium for a unisexual snail infection. After 28 days
snails were checked for infection as described above. Snails shedding only male cercariae
were required. As there are no visual differences to distinguish between male and female
cercariae, a PCR-based technique modified from a method by Grevelding was implemented
(Grevelding, 1999). Infected snails were colour-coded for identification and cercariae from
each individual snail were collected. Cercariae genomic DNA was isolated using the Wizard
SV isolation kit (Promega), and PCR was carried out to determine the presence or absence of
female specific sequences, termed W1 and W2. Primers for protein disulphide isomerase
(PDI), present in both males and females, were used as an internal control (see appendix for
primer sequences). Figure 2.1 is a gel showing the PCR products. Snails shedding male-only

cercariae were then used to establish a male worm—only mouse infection.
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Figure 2.1.  Sexing of cercariae by PCR. Snails infected by a single
miracidium were shed, and cercariac DNA isolated. Sequences from female-

specific W1 and W2 were amplified by PCR, with PDI as an internal control.
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2.2.2 Infection of mice

2.2.2.1 Experimental mouse infection

Mice were infected percutaneously (pc) with cercariae, 250-350 for egg and worm infections
and 35-100 for experimental unisexual (male worm only) or bisexual (worm and egg)
infections. 6-8 week old mice were anaesthetized with sodium pentobarbitone (Sagatal; 6
mg/kg). The abdomen was shaved and swabbed with cotton wool moistened with Lepple
water. Mice were laid on a special mat, a metal ring was placed on the abdomen, and each
was secured down with tape. Cercariae, in 400ul lepple water, were pipetted onto the ring
using a cut tip, and mice were left for 25 minutes. Mice were then allowed recover on a

heating mat before being returned to their cage.

2.2.2.2 Infection of mice for antigen production and maintenance of life cycle

Female outbred CD1 mice were infected with 250-350 cercariae pc. A hydrocortisone
mixture (see appendix I) was administered subcutaneously to the mice 35 days post-infection.
This serves to suppress the host’s immune response to the parasite egg and reduce
inflammation in the granuloma. At 49 days post-infection the mice were sacrificed by ip
injection of 200 pl sodium pentobarbitone (60 mg/ml)” with heparin (10U/ml) added for
perfusion of worms. The hepatic portal vein was cut and worms were collected upon portal
perfusion of the mice with perfusion media (see appendix I). Eggs were harvested from the

liver and intestines of the infected animal.
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2.2.3 Schistosoma mansoni antigen production

2.2.3.1 Isolation of eggs and soluble egg antigen (SEA) production

Eggs were isolated from tissue as described (Fallon et al., 1998). Infected livers and guts were
taken and placed into separate containers of 2x-saline. 0.05 g trypsin (Sigma) was added per
liver or gut, before homogenization in a blender. The homogenate was incubated at 37°C on a
shaker for 4 hours. Eggs were then recovered from the homogenate by filtering through a
series of sieves (pore sizes 500 pm- 150 pum). They were then pelleted at 2000 rpm for 2
minutes at 4°C. This was resuspended at in 2x-saline and spun up to 1500 rpm. Eggs were
further washed through two smaller sieves (45 pm and 32 pm sizes). The mature/live eggs
were caught in the 32 um sieve. Eggs were frozen in liquid nitrogen until use.

Liver eggs were used for preparation of SEA. They were washed several times in endotoxin-
free Dulbecco’s PBS (DPBS, Sigma), before being homogenized with ice cold PBS using a
glass homogenizer with a Teflon plunger. The eggs and the glass homogenizer were kept on
ice at all times. Samples were examined periodically L‘lnder a microscope until there were no
intact eggs left. The homogenized eggs were then spun at 10,000g for 60 minutes at 4°C. The
supernatant was harvested and re-spun for 15 minutes at 4°C. The resulting supernatant was
filtered through a 0.45 and 0.22 micron syringe filter befére being stored at —20°C. Protein
content was determined using the BCA assay (section 2.10.5). Endotoxin levels were tested

¥ b

(section 2.11) and SEA was only used if it contained < 1 EU per mg of protein.

2.2.3.2 Adult worm (AW) production
Worms collected from an infected animal were washed and pelleted before freezing in liquid

nitrogen. The frozen pellets were crushed under liquid nitrogen using a pre-cooled mortar and
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pestle. When a fine paste had formed, it was left to thaw. The mortar and pestle were rinsed
with DPBS and the worm paste and washes were spun at 10,000 rpm for 60 minutes. The
supernatant was collected and was spun again several times until no further pellets remained.
The soluble adult worm antigen contained in the supernatant was filtered through a 0.45 and
0.22 micron filter and frozen at —20°C. Protein content was determined using the BCA assay
(section 2.10.5). Endotoxin levels were tested (section 2.11) and AW was only used if it

contained < 1 EU per mg of protein.

2.2.4 Tissue Egg Counts and parasite fecundity

Portal perfusion for worm recovery, liver, intestinal and fecal egg counts were as described
(Fallon and Dunne, 1999). Frozen liver and guts from infected animals were thawed and
livers were weighed. Tissue was digested overnight at 37°C on a shaker in 20 mls 4%
potassium hydroxide. Three 50 pl aliquots from each sample were taken. They were placed
on a slide and covered with a coverslip. Eggs were viewed microscopically and counted. An
average of the three aliquots was taken. If variation between aliquots was more than 10%, egg
numbers from a fourth sample were counted. Tissue egg counts were expressed as total eggs
per gut or per liver. Parasite fecundity was determined by dividing total tissue (liver and

intestine) egg counts by the number of worm pairs present.

2.2.5 Histology and sectioning

Livers and intestine from mice were taken and fixed in formal saline (see appendix I) for
histology. Samples were sent to Cambridge University, UK, or Dept. Physiology, TCﬁE,
where they were paraffin-embedded for sectioning. Sections of liver were stained with

hematoxylin and eosin for egg granuloma diameter measurements, Giemsa-stained for
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eosinophil quantification and Martius Scarlet Blue stained for visualization of collagen
deposition. Hepatic fibrosis was measured by quantification of hydroxyproline (Bergman and
Locksley, 1963). Hepatic hydroxyproline was measur_ed in weighed samples of livers from
acutely- or chronically-infected mice and also from uninfected age- and sex-matched mice.
Hepatic collagen is expressed as the increase in infected mice above levels in age-sex matched
uninfected mice adjusted to pg collagen per 10,000 liver eggs, as described (Kaviratne ef al.,

2004). Collagen quantification was performed by Dr. Philip Smith.

2.2.6 AST and ALT quantification
To quantify the extent of liver damage, plasma was recovered for analysis of aspartate
aminotransaminase (AST) and alanine aminotransaminase (ALT) levels, as described (Fallon

and Dunne, 1999; Fallon ef al., 2001). This was performed by Dr. Philip Smith.

2.3 mAbs and Reagents
See appendices II and III for a list of antibodies and reagent used in flow cytometry and cell

activation/stimulation studies.

2.3.1 Hybridoma culturing and antibody production

Anti-CD25 (clone PC61 5.3), anti-CTLA-4 (clone UC10-4F10-11), anti-B220 (clone TB146),
murine IgGl (clone B7.11) raised against 2,4,6-trinitrophenyl (TNP), anti-F4/80 (clone
F4/80), and hamster IgG (clone UC8-1B9) hybridomas were purchased from American Type
Culture Collection (ATCC). The anti-CD4 (YTS191), anti-CD8 (YTS169) and anti-Thy-1

(YTS148.3.2) hybridomas, originally from Prof. Herman Waldmann (University of Oxford,
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UK), was provided by Prof. Anne Cooke (University of Cambridge, UK). Control Rat IgG
was from Sigma.

Hybridoma cell lines were cultured in RPMI-1640 containing 10% FCS/pen-strep/I-
glut, with routine passages, when confluent, every 3-5 days. Cells were maintained in T-175
flasks (Greiner) or roller bottles (Costar). Supernatants were harvested and frozen at -20°C
until further purification. Thawed supernatant was precipitated in 50% ammonium sulphate
(Sigma), with constant stirring overnight at 4°C. The resulting mixture was centrifuged at
7000 rpm for 30 minutes at 4°C in a Sorvall centrifuge. The pellets were re-suspended in
sterile endotoxin-free Dulbecco’s PBS (pH 7.2; Sigma), 100 mls per litre supernatant. The
suspension was dialysed at 4°C over 48 hours with three changes of 20 volumes of DPBS
(Dialysis tubing with molecular weight cut-off at 12,400 kDa; Sigma). The suspension was
then added to a protein G column (Sigma). Absorbance was monitored using a Biologic LP
(Bio Rad). Antibody was eluted with 100 mM glycine (pH 2.5), and solution was neutralized
to pH 7 by addition of Tris base (Sigma) before further dialysis against DPBS using dialysis
cassettes (Pierce). Protein was quantified using a BCA assay (section 2.10.5). Endotoxin
levels were tested by LAL assay (section 2.11) and confirmed to have levels of <0.5 EU/mg
(Chromogenic LAL, Biowhittaker, MD). Antibodies were run down an SDS-PAGE gel
(section 2.10.6) to test for purity. Functionality of the antibody was tested by flow cytometry
or by efficacy in mediating specific in vivo depletion. In all in vivo depletion experiments thé
efficacy of treatment was initially tested, with doses of 0.1 - 0.5 mg of mAb administered per
mouse.
2.3.2 Invivo blocking and depletions
BALB/c mice were infected with 35 (chronic)-100 (acute) mixed cercs pc to obtain an S.

mansoni infection. 4 or 12 weeks post-infection, mice were administered with 100-250 pg of
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blocking or depleting antibody, or a control antibody. Dose was optimized from published
papers and initial efficacy studies in the lab. This was repeated three times weekly for the
following four weeks, and mice were weighed each time. The treatment regime for in vivo
mADb studies is outlined in Figure 2.2. Differences in Weight loss or gain were noted and mice
were sacrificed 7-8 or 16 weeks post-infection for immunological and histological

examination. Efficient blocking or depletion was verified by flow cytometry.
2.4 Immunology

2.4.1 Sample Processing
Mice were sacrificed and spleen, mesenteric lymph nodes (MLN) or tissue were aseptically
removed. Spleens and MLN were passed through 70 pum sieves to obtain single cell
suspensions. Cells were spun and pellet re-suspended in 0.87% ammonium chloride for 3
minutes at 37°C. This lysed the red blood cells. Fat clumps were removed and cells were
washed twice in wash media before counting. Cell viability was determined by staining with
trypan blue (Sigma). Cells were resuspended at the appropriate concentrations in complete
media: Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco BRL; endotoxin levels
were <0.04 EU/ml protein) supplemented with 10% (v/v) heat-inactivated (56°C for 30
minutes) foetal calf serum (FCS) (Labtech, UK; endotoxin levels were <0.1 EU/ml protein),
100 mM L-glutamine, 100U/ml penicillin and 100 pg/ml streptomycin (Sigma).

Throughout the experiments samples were preferentially processed on individual mice,
but with logistics and time this was not always feasible, and so pools of mice were sometimes

used.
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Figure 2.2.  Treatment regime for the administration of control mAb or
depleting mAb against CD25, and blocking mAbs against CTLA-4, PD-1,
PD-LI and PD-L2. BALB/c or 4get mice were infected with S. mansoni
cercariae on day 0, and mAbs were administered three times a week from

week 4 until week 8 or week 12 until week 16 post-infection.
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2.4.2 Isolation of sera from blood

For isolation of sera from blood, mice were exsanguinated by cardiac puncture. Blood was
allowed to clot at room temperature for a few hours. Samples were placed at 4°C overnight to
allow contraction of clots. A small amount (~100 pl) of Sera Sieve (Hughes and Hughes Ltd.,
Wellington) was added to clotted blood and samples were centrifuged at 5000 rpm for 10 mins
at 4°C. Sera was then used immediately for detection of antibodies by ELISA, or frozen at —
20°C until further use.

2.4.3 Isolation of liver granuloma cells

Liver granuloma cells were isolated as described previously (Fallon and Dunne, 1999).
Briefly, livers from infected mice were perfused with perfusion fluid in situ. They were then
taken and homogenized briefly using a Waring blender. Livers were washed rigorously in
wash media before collagenase digestion (collagenase D, Roche) for 1 hour at 37°C. The
homogenate was passed through a 5 ml syringe several times to disrupt the granulomas, then

passed over 100 pm and 70 um sieves (Falcon) to suspend the granuloma cells.

2.4.4 Preparation of accessory cells

Splenic accessory cells (AC) were prepared by depletion of B (B220") and T (Thy-1") cells
with two rounds of complement-mediated lysis (Lo-Tox rabbit complement; Cedarlane
Laboratories, Hornby, Canada) using anti-Thy-1 mAb (YTS148) and anti-B220 mAb
(TB146). Briefly, spleen cells were incubated with mAb (50 pg/ml) on ice for 1 hour, washed

and incubated for 1 hour at 37°C with complement. AC preparations were shown to contain
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<1% T or B cells by flow cytometry analysis. AC were irradiated at 30 Grays using a gamma

irradiator (Gamma Cell 3000, Nordion International Inc.) before use.

2.4.5 Depletion of CD4", CD8", or B220" cells for in vitro culture
Spleen cells were depleted of CD4", CD8", or B220" cells using the complement-depletion

mediated method outlined above (section 2.4.4). Efficacy of depletion is shown in Figure 2.3.

2.4.6 Isolation of CD4"CD25" cells

Splenic CD4"CD25" cells were isolated using the CD4"CD25" T regulatory cell isolation kit
(Miltenyi Biotec, UK), according to the manufacturers instructions. Briefly, spleen cells were
incubated with a cocktail of non-T cell biotinylated mAbs, and also with anti-CD25 PE mAb.
Anti-biotin microbeads were added and T cells were enriched by depletion using a depletion
programme on the autoMACS separator (Miltenyi Biotec). These cells were then incubated
with anti-PE micro beads and CD4'CD25" cells were purified using a positive selection
programme on the autoMACS separator. CD4"CD25" cells were shown to be 92-95% pure by
flow cytometry (Figure 2.4). For proliferation assays, CD4'CD25 responder cells were
prepared by taking the negative fraction from the CD25" selection and putting them through a

CD4" enrichment column (R&D Systems).

2.4.7 Isolation of F4/80" splenic macrophages
A method for the isolation of F4/80" splenic macrophages (M¢) was optimized. Spleens were
processed as outlined above, and re-suspended in 1%FCS/HBSS. Cells were incubated with 5

pg/ml rat anti-mouse F4/80 (Serotec) for 30 minutes at 4°C, rocking gently. After three
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Figure 2.3.  Efficacy of in vitro depletion of CD4*, CD8*, and B220* spleen cells.
Spleen cells from infected mice were isolated and CD4*, CD8*, and B220* cells were
depleted as described in section 2.4.6. Cells were stained for CD4, CD8, or B220 and

graphs plotted on logarithmic scales using Cellquest™ software.
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Figure 2.4.  Purity of CD4*CD25* cell isolation from spleen cells using
AUTOMACS. FACS profile of A, whole spleen cells or B, purified CD4*CD25*
cells from uninfected and S. mansoni-infected spleens. Cells were purified
using the AUTOMACS CD4*CD25" regulatory T cell isolation kit, and stained
for CD4.
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washes in HBSS, washed sheep anti-rat I[gG Dynabeads (Dynal Biotech, Great Neck, NY)
were added to the cells (5 pl per 4x10” splenocytes). Beads were incubated with the cells for
20 minutes at 4°C on a rocker. The cells were then placed on a Dynarack (Dynal Biotech,
Great Neck, NY), where beads bound magnetically. Multiple rounds of this magnetic
separation were performed. Purity was assessed by flow cytometry, with <1% each of
contaminating CD11c’, CD19", CD4", or CD8" cells. If the F4/80" M¢ were to be used as

accessory cells, they were irradiated.

2.4.8 In vitro activation of cells for cytokine production

Spleens and MLNs were processed as outlined above, and re-suspended at 1 x10’/ml. Cells

were seeded in a 24 well plate (Greiner) at 5 x10%well, and cultured with various stimulants

for 24 and 72 hours. Stimulants were as follows: soluble anti-CD3 mAb (0.5 pg/ml), AW (20
of

pg/ml), and SEA (20 pg/ml). Supernatants were harvested after 24 or 72 hours and cytokines

in supernatants were analysed using conventional sandwich ELISAs (section 2.9).

2.4.9 In vitro modulation of cells by live worms

As described in (Smith et al., 2004), live worms were collected upon perfusion of a heavily
infected mouse (250-350 cercariae), described earlier (section 2.2). Male worms were
separated from the females, and mature, intact males were counted before being washed
several times in sterile RPMI (Gibco) containing 1 % penicillin/streptomycin (pen-strep)'.
They were then washed 4 times in complete RPMI (see appendix). Spleen cells (1x107/well)
were seeded in a 12-well Transwell culture plate (Costar, Cambridge, MA) in 2 ml complete

RPMI with Hepes (25mM). 12 male worms were placed in each transwell insert. The
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cells/worms were incubated at 37°C and 5% CO, for 48 hours. The worms were still alive at
this point, as they were observed to be still moving. Worms were removed, and cells

harvested and washed before being used for flow cytometry and proliferation.

2.5  Invitro cell proliferation assays
Spleen or MLN (2 x 10°/well) cells were cultured in 96-well U-bottomed plates for 72 h at
37°C. Cells were activated with 0.5 pg/ml anti-CD3 mAb alone or with IL-2 (20 ng/ml) or
anti-CD28 mAD (4 pg/ml). Antigen-specific stimuli were AW (20 pg/ml), or SEA (20 pg/ml).
In co-culture proliferation assays, accessory cells (AC) or F4/80" M¢ were added to enriched
CD4" or CD8" cells at a range of effector/responder ratios. CD4" and CDS8" spleen cells were
isolated using enrichment columns (R&D Systems), according to manufacturer’s instructions.
For CD4"CD25" proliferation assays, CD4 'CD25" cells were added to CD4'CD25"
responders at a range of effector/responder ratios, and irradiated AC were also added. All
samples were set up in triplicate wells. Cultures were pulsed with 1 uCi/well [*H]thymidine
(Amersham Pharmacia Biotech, Piscataway, NJ) for the last 14 hours of culture. Cells were
harvested using a cell harvester (TOMTEC) and [3 H]thymidine incorporation was determined
using a Microbeta liquid scintillation system (1450 Microbeta plus liquid scintillator counter;

Wallac).

2.6  Invitro proliferation studies: CFSE staining
Spleen cells (1 x 10"/ml) were labeled with 0.5 uM carboxyfluorescein diacetate succinimidyl
ester (CFSE; Molecular Probes) and unstimulated or stimulated with 0.5 pg/ml anti-CD3 mAb

for 24-72 h. Spleen cells were washed twice in PBS and then stained in the dark at 37°C fbi
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15 mins with pre-warmed 0.5 uM CFSE in PBS. Cells were washed twice in ice-cold
complete medium, and once in room-temperature medium. They were then counted and set
up for in vitro culture, either unstimulated (media), or with 0.5 pg/ml anti-CD3 mAb. CFSE
fluorescence staining was detected using flow cytometry. Cells were stained for CD4 or CD8
using TRI-coloured antibodies, propidium iodide (PI) was detected in the FL2 channel, and

CFSE was detected in the FL1 channel.

2.7  Invivo proliferation studies: Bromodeoxyuridine labeling

Bromodeoxyuridine (BrdU) is a uridine derivative that can be incorporated into DNA in place
of thymidine. BrdU (Sigma) can be administered to mice and those cells that are synthesizing
DNA (i.e proliferating cells) will incorporate BrdU into the DNA. Anti-BrdU FITC (BD) is
used to identify BrdU in single stranded DNA. BrdU staining was performed as described
(Humphreys et al., 2003), with several in-house modifications.

Uninfected, worm, and worm and egg-infected OVA-TCR mice were given 1 mg OVA per
mouse ip. 36 hours later mice were given 2 mg BrdU ip. Mice were sacrificed 12 hours later
and spleens processed and stained with anti-TCR clonotypic mAb KJ126 PE (BD) and anti-
BrdU FITC (BD). Firstly, cells were stained with anti-KJ126 PE. After washing, cells were
resuspended in 500 pl ice-cold 0.15M NaCl. 1.2 mls ice-cold 95% ethanol was added drop=
wise while mixing gently. Cells were incubated in the dark for 30 mins at 4°C, then washed in
cold PBS and fixed for 30 mins in 100pl fixation buffer (BD) at RT. Cells were spun down
before a ten minute incubation in 50 U DNase 1 (Roche) in 4.2 mM MgCl,, 0.15M NaCl at

RT. Cells were centrifuged and incubated in the dark with FITC anti-BrdU (BD) in FACS
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buffer for 30 minutes at RT. Cells were washed three times in FACS buffer and analysed on a

FACScan™ flow cytometer (Becton-Dickinson, San Jose, CA).

2.8 Flow cytometry analysis

2.8.1 Surface marker staining

Immunofluorescent staining of splenic, peritoneal, and lymph nodes populations was carried
out using a variety of TRI-, FITC-, or PE-conjugated mAbs (BD Pharmingen/Caltag), as listed
in appendix II. Surface marker expression of cells was assessed by flow cytometry using a
FACScan™ flow cytometer (Becton-Dickinson, San Jose, CA) using a previously described
method (Fallon er al., 1998). Cells were plated on a 96-well U-bottomed plate (2-10 x
10°/well) and washed in FACS buffer (PBS with 2% FCS and 0.05% sodium azide). The cells
were then stained with surface antibodies for 30 minutes on ice, followed by three washes in
FACS buffer. Appropriate isotype controls were used at each timepoint in all experiments,
and titrations of antibodies were initially performed to determine recommended concentrations

for use (see Appendix).

2.8.2 Intracellular cytokine detection

Intracellular staining was performed similar to a previously described method (Fallon et al.,
1998). Cells (1 x107/m1) were unstimulated or stimulated in vitro for 6 hours with
Concanavalin A (1 pg/ml; Sigma). Brefeldin A (10 pg/ml; Sigma) was added for the final
four hours of culture. Cells were harvested with a transfer pipette and washed 3 times with
FACS buffer. Cells were surface stained as described in section 2.8.1 above. After surface
staining, the cells were washed three times in FACS buffer and fixed at room temperature for

15 mins using fixation buffer from a Fix and Perm" Cell Permeabilisation Kit (Caltag
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Laboratories). The cells were again washed three times before permeabilisation using the Fix
and Perm® Cell Permeabilisation Kit. Antibodies to the cytokines were added at the
permeabilisation step at a 1:10 dilution for 15 mins at room temperature. Cells were washed
three times in FACS buffer before being analysed on the flow cytometer. Data were analysed
using CellQuest™ software (version 3.13; Immunocytometry Systems). Quadrants were gated

according to appropriate isotype controls, as shown in Figure 2.5.

2.8.3 Other intracellular staining

Intracellular staining for CTLA-4 was performed using the Fix and Perm® Cell
Permeabilisation Kit, according to the manufacturers instructions. Foxp3 intracellular staining
was performed using a Foxp3 Staining Kit (eBiosciences), according to manufacturers

instructions.

2.8.4 4-colour immunoflourescence staining

APC-conjugated and APC-Alexaflour-conjugated mAbs were used in addition to PE- and
FITC-conjugated mAbs for 4-colour staining. Analysis was performed in the Conway
Institute (University College Dublin, Ireland) using a DAKO Cyan cytometer and Summit™
software. For all flow cytometry work, quadrants and gates were drawn based on appropriate

isotype-control Ig staining and were plotted on logarithmic scales.

2.8.5 Annexin V staining
Annexin V and propidium iodide (PI) staining was performed using the Annexin V-FITC
Apoptosis Detection Kit (BD Pharmingen), according to manufactuers instructions. Cells

were initially stained for CD4 or CD8 using TRI-conjugated antibodies. Briefly, cells were
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Figure 2.5. Isotype gating for intracellular staining for cytokine production.
Brefeldin A was added to unstimulated or Con A-stimulated cells for the last 4 h of
culture. Cells were stained for appropriate surface marker expression before
intracellular (IL-4/IFN-y) staining was performed. Appropriate isotypes for the

intracellular markers were used, and quadrants were gated according to these

isotype controls.
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washed twice in cold PBS then resuspended in 1X binding buffer. Annexin V-FITC and PI
were added and mixed gently before incubation in the dark for 15 mins at room temperature.

More binding buffer was added, and cells were analysed immediately by flow cytometry.

2.9 Enzyme Linked Immunosorbent Assay (ELISA)

Cytokine levels in cell culture supernatants were quantified using sandwich ELISAs.
Antibodies to mouse IL-2, IL-4, IL-5 and IL-6 were obtained from BD Pharmingen, UK. IL-
1B, IL-13, IFN-y, IL-10 and TNF-a. DuoSet kits were purchased from R&D Systems, UK.
Checkerboards of coating and detecting antibodies were performed to determine optimum
concentrations. Capture antibodies (0.1-2 pg/ml) were coated on high-binding 96-well plates
(Greiner) in coating buffer (PBS), 50 ul/well, and left overnight at 4°C in a wet-box. Plates
were washed three times in ELISA wash buffer (PBS/T) and blotted dry with tissue paper.
Plates were blocked in blocking buffer (1% BSA/PBS), 200 pl/well for 2 hours at room
temperature. Plates were then washed three times in PBS/T and blotted dry before addition of
samples, 50 pl/well, to duplicate wells. A two-fold serial dilution of cytokine standards was
added in duplicate to the wells, with the remaining tWo wells left blank (PBS), on each plate.
Plates were left at overnight at 4°C in a wet-box. The plates were washed four times the
following morning and blotted dry. Total IgE in sera samples was also measured using th1;
ELISA protocol. An IgE standard was used (BD), and sera samples were diluted 1:25 or 1:50
before being added to the plate. Biotinylated detecting antibodies (0.1-2 pg/ml) were added in
PBS, 50 pl/well, for two hours at room temperature. After 5 washes horseradish peroxidase-

conjugated streptavidin (BD Pharmingen, UK) was added to the wells at 1:1000 dilution, 50

pl/well for 30 minutes at room temperature. o-phenylenediamine (OPD; Sigma) was used as
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substrate to develop the reaction. In a darkened 50 ml Falcon tube a 5 mg tablet of OPD was
dissolved in 12.5 mls phosphate citrate buffer, pH 5.0, and 9 pl of 30% hydrogen peroxide
was then added. After strep-HRP step, plates were washed 5 times and 50 pl substrate/well
was added. The plates were incubated in the dark for 10 minutes. The reaction was stopped
by adding 1M H,SO4, 25 pl/well. Absorbance at wavelength 492 nm was read using a
microplate reader (Versama Tunable Microplate Reader, Molecular Devices, CA). Cytokine
levels in the samples were quantified by extrapolation from the standard curve using Soft Max

Pro 3.0 software.

2.10 Molecular and Biochemical Techniques

2.10.1 RNA isolation

RNA was isolated using TRI Reagent (Sigma). 1 mL TRI Reagent was added to 5-10 x 10°
cells, and pipetted up and down several times to form a homogenous lysate. When isolatiné
RNA from tissue, the tissue was homogenized in 1ml TRI Reagent using a homogeniser
(GmbH & Co., Germany). Samples were left to stand for 5 mins at room temperature. 0.2 ml
chloroform per mL of TRI Reagent was added. Samples were covered tightly, shaken
vigorously for 15 seconds and allowed to stand for 15 mins at room temperature. The mixture
was centrifuged at 12,000g for 15 mins at 4°C. The upper aqueous phase (containing RNA)
was transferred to a fresh centrifuge tube and 0.5 ml isopropanol added. Sample was left to
stand for 10 mins at RT, before spinning at 12,000g for 10 mins at 4°C. The resulting RNA
pellet was washed by adding 1 ml of 75% ethanol. ISamples were vortexed and theg
centrifuged at 7,500g for 5 mins at 4°C. Supernatant was removed and RNA pellets left for

10-15 mins to air-dry, before resuspension in 50ul of RNase-free H,O (Sigma).
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2.10.2 Co mplementary Strand DNA (¢DNA) synthesis
RNA was quantified using a spectrophotometer (Eppendorf, BioPhotometer). cDNA was
synthesized from 2 pg RNA using oligo dT-primed reverse transcription. RNA was added to
1 X First-Strand Buffer, 0.5 pg oligo dT, 10 U Ribonuclease Inhibitor, 100 U SuperScript™ II
reverse transcriptase (all Invitrogen), ImM dioxyribonucleotide triphosphates (dNTP’s),
10mM dTT (both Promega) in RNase-free H,O to a total volume of 20 pl in thin-walled PCR
tubes (Eppendorf). Tubes were incubated in a thermocycler (DYAD™) and cDNA synthesis
performed under the following conditions:

L. Binding at 25°C 10 minutes

7! Extension at 42°C 60 minutes

3. Enzyme Deactiviation at 95°C 5 minutes

4, Cooling at 4°C

2.10.3 Polymerase Chain Reaction (PCR)

Reverse-transcription PCR (RT-PCR) was used to amplify cDNA. A cocktail was prepared
with a final concentration of 1 X reaction buffer, 0.25 mM dNTPs, 2.5 mM MgCl,, 1 U Taq
Polymerase (all Promega), and 10 pmol forward and reverse primer. 1 pl of cDNA was
placed in a thin-walled PCR tube (Eppendorf) and cocktail added to each tube. RNase-free
water was added to a total volume of 25 pul. Tubes were placed in a thermocycler (DYADT™)
and PCR cycles started. Cycle number and annealing temperature varied depending on primer
pairs, but in general PCR reaction was as follows:

1 Denaturing:  95°C 5 minutes

=d
2 Denaturing:  95°C 45 seconds (
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3. Annealing:  54°C-67°C 45 seconds
4. Extension: ~ 72°C 45 seconds
5. Go to 2 for 25-35 cycles

6. Extension: ~ 72°C 10 minutes

Z. Cooling: 4°C

2.10.4 Agarose gel electrophoresis

6 X loading dye (Promega) was added to PCR products and 10 pl of each was run on a 1.2%
agarose gel (1.2 g agarose in Tris-borate-EDTA (TBE), see appendix) containing 5 pl
ethidium bromide (EtBr). Samples were electrophoresed in 1 X TBE buffer at 100 volts.
DNA bands on the gel were visualized under ultraviolet light and photographed using a
Syngene digital graphic printer.

2.10.5 Protein Estimation

Protein concentrations were determined using the BCA Protein Assay Reagent Kit (Pierce)
according to manufacturer’s instructions. 10 pl samples were added in triplicate to wells of a
96-well plate. Standards of bovine serum albumin (BSA) were prepared ranging from 2000
pg/ml up to 125 pg/ml. 200 pl of working reagent was added to each well and the plate was
incubated at 37°C for 30 minutes. Absorbance was measured at 562 nm, and the concentratié);l

of protein in supernatants or tissue samples could be determined from the standard curve.

2.10.6 SDS -PAGE and Western Blot
A 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was cast on

a BioRad casting cassette. Casting gels were prepared by mixing 4 ml protogel, 2.6 ml
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protogel buffer (BioRad), 3.3 ml dH,O, 100 pl of 10% ammonium persulphate (APS), and 20
ul TEMED (Sigma). A 4% stacking gel was made with 1.3 ml protogel, 2.5 ml protogel
stacking buffer, 6.1 ml dH,O, 20 ul 10% APS, and 5 ul TEMED, and BioRad combs inserted.
Samples were diluted 1:2 in loading buffer containing 5% B-mercaptoethanol (see appendix I)
and boiled for 5 minutes before being loaded. The cassette was placed in electrophoresis
chamber and run at 200 V for 45 minutes in 1 x electrophoresis buffer (see appendix I).
Proteins on the gel were visualized using silver stain, or were transferred to a nitrocellulose
membrane (Pall Corporation) for western blot. The gel was transferred to a nitrocellulose
membrane in a tank with transfer buffer (see appendix) for 1 hour at 400 mA. Membrane was
blocked in 5 % dry milk/PBST for 1 hour at room temperature. Primary antibody was added
(1:1000) in 3 % dry milk/PBST for 1 hour at rt, or overnight at 4°C. Membrane was washed 5
x 5 mins in PBS/T. Secondary antibody (peroxidase-conjugated) was added (1:1000) in 3 ‘;A>
dry milk/PBST for 1 h rt, or o/n at 4°C. Membrane was washed 5 x 5 mins in PBS/T. 2 mls
of 1:1 ECL reagent (Amersham) was added to the membrane for 1 min before membrane was
drained and placed in a Hyper cassette (Amersham). Hyperfilm (Amersham) was placed in
the cassette and exposed for varying times (30 sec- 5 mins) and blot developed using a
developer machine.

Silver staining of the SDS-PAGE gel was performed as follows:

The gel was pre-fixed in 50% methanol/10% acetic acid (BDH) for 30 mins followed by 5%
methanol/7% acetic acid for 30 mins. It was then fixed in 10% glutaraldehyde (Sigma) for 30
mins. The gel was rinsed several times in distilled H,O for 1 hour. It was soaked in 5 pg/ml
DTT (Sigma) for 30 mins, then 30 mins in 0.1% silver nitrate (Sigma). It was rinsed once in

distilled H,O, then twice in developer (0.019% formaldehyde (Sigma) and 3% sodium
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carbonate (Sigma)), before soaking in developer for 30 mins. Proteins were visualized on the
gel using a light box. Reaction was stopped by addition of acetic acid, and gel was washed in

distilled H,O.

2.11 LPS level determination

The level of lipopolysaccharide (LPS) in purified antibodies or antigen preparations was
assessed using the Limulus amebocyte lysate (LAL) assay (Biowhittaker, UK), according to
manufacturer’s instructions. A simple equation then gave endotoxin amounts in EU/ml.
Samples with endotoxin levels > 1EU/mg were not used.

Endotoxin-free reagents were used in all antigen and antibody preparations. Sterile plastics
were used whe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>