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Abstract

Many helminth parasites are able to survive for long periods in
immunocompetent hosts. It has been suggested that the successful establishment of
helminths is in part due to the induction of regulatory T cells (Tregs) which suppress
anti-parasite immune responses. A possible mechanism by which parasites induce
Tregs would be production of TGF-f, which can induce immunosuppressive Treg
cells and also directly suppress immune responses. TGF-f3 homologues have been
identified in parasitic nematodes including Brugia malayi, Schistosoma mansoni and
Ancylostoma caninum. The B. malayi TGF-§ homologue, Bm-TGH-2, has been
demonstrated to signal through the mammalian TGF-f receptor, which indicates the
TGF-f homologues may have a function in the host. We hypothesised that Treg
induction through parasite-derived TGF-f§ could be a potent method by which
parasites could evade the host immune system.

To address this, molecular techniques were first used to identify and
characterise the transcription of novel TGF-f homologues from the intestinal
parasites Haemonchus contortus, Heligmosomoides polygyrus, Nippostrongylus
brasiliensis and Teladorsagia circumcincta, showing that TGF- homologues are
present in a wide range of parasites. TGF-f activity was then shown in products from
both S. mansoni and H. polygyrus, and indeed the H. polygyrus products were found
to induce Tregs through the TGF-f pathway. Antiserum against bacterially expressed
H. polygyrus TGF- homologue (Hp-TGH-2) was produced, and used to probe H.
polygyrus excretory/secretory products, showing that Hp-TGH-2 is secreted.
Attempts were also made to express recombinant Bm-TGH-2 (B. malayi TGF-f3

homologue) in insect cells, however the purified protein proved not to be functional.
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In vivo mouse models of B. malayi infection were tested to examine the
phenotype of T cell responses at the site of infection. An accumulation was found of
CD4+F0xp3+CD25+CTLA-4hiCD103+ T cells, which resemble activated natural
Tregs, and which were suppressive in vitro. This proportion of Tregs at the site of
infection diminishes over time, however CD103 expression (which is associated with
activated Tregs) is increased on Tregs present at all timepoints up to day 21 post-
infection, indicating that although a growing effector response may outgrow Tregs
over time, the Treg population remains activated. Using an adoptive transfer model,
it was shown that the Treg induction could spread to other bystander responses. In
IL-4R-deficient mice, Treg accumulation was unaffected, indicating alternatively
activated macrophages (which are absent in these mice) are not required for Treg

induction.
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Introduction



1. Introduction
1.1. Parasitic infections

The majority of the world population is at risk of parasitic infection, with 740
million people now infected with intestinal parasites such as hookworms, 200 million
with  schistosomiasis, and 120 million with filariasis (WHO website
http://www.who.int). With improvements in hygiene in first world countries,
however, the prevalence of parasitic infections has fallen dramatically.
Improvements in hygiene have coincided with a dramatic increase in inflammatory
gastrointestinal conditions, autoimmunity and allergy, leading to the “hygiene
hypothesis”, first proposed by in 1989 by Strachan et al (1). The hygiene hypothesis
states that the immune system requires infections in early life to develop correctly,
and without them the immune system is prone to hyperactivity, characterised by
inappropriate immune responses (2).

A clear increase in the incidence of inappropriate immune responses can be
seen when comparing first and third world countries (2), but this correlation can also
be seen within a single area. Individuals from urban areas have an increased risk of
inflammatory gut disorders (IBD) than those from rural areas (3), as do those whose
employment bring them into contact with dirty environments (2). A study from
Canada comparing individuals from different socio-economic groups showed a
positive correlation of higher income with increased prevalence of Ulcerative Colitis
(UC) and Crohn’s Disease (CD), while increased family size correlated with lower
prevalence (4). This indicates that larger families (where children are exposed to
their sibling’s infections), and low-income families have lower levels of hygiene, and

are protected from inappropriate immune responses.



Strong evidence for an environmental role in the incidence of type I
autoimmune diabetes comes from studies of transmigratory families, where children
of families newly arrived in Britain from undeveloped areas of Asia had low
incidence of diabetes, but 10 years later the transmigratory population contained
similar incidence of type I diabetes as the native population (5). Similarly to
inflammatory gut disorders, the incidence of autoimmune diabetes also correlates to
socio-economic status within a single area, and low-income also appears to be a
protective factor in autoimmune diabetes incidence (6).

Clearance of gut parasites in children by wide-spectrum anthelmintic drug
administration was shown to increase allergen specific skin-test and specific IgE
responses, in independent studies in Venezuela (7) and Gabon (8), indicating that gut
helminth infection can suppress allergy. Controversy still exists in this area with
some studies finding no link, or even a positive association between history of
helminth infection and hyperactive immune responses. A recent study in Cuba found
that Ascaris lumbricoides infection and increased contact with animals correlated
with protection from allergic responses, in line with other studies. However,
infection with Trichuris trichuria had no link to allergic responses, and infection
with Enterobius vermicularis or hookworms had a positive correlation with allergic
responses in the same study population (9). Thus, regulation of inappropriate
immune responses by helminth infection may be less straightforward than first
proposed, and may also depend on other factors such as parasite species. Animal
models of infection, colitis, autoimmunity and allergy may be useful tools for

dissecting these mechanisms.



The role of parasitic helminths in the hygiene hypothesis has come under
particular scrutiny, as there is strong evidence for immunomodulation in parasitic

infections.

1.2. Immunity to parasites

Many parasitic infections are able to survive in the host for long periods (10,
11), however it is clear in some infections that successful immune-mediated
clearance is possible. In Severe Combined ImmunoDeficient (SCID) mice (which
lack B and T cells), intestinal parasites such as Nippostrongylus brasiliensis and
Heligmosomoides polygyrus cannot be ejected, indicating an adaptive immune
response is important for protection from these infections (12). TH2 responses
characterised by production of IL-4, IL-5 and IL-13 are often associated with
parasitic infections, and IL-4 administration can lead to expulsion of N. brasiliensis
in SCID mice, and dramatically reduce worm counts in SCID mice infected with H.
polygyrus (12). IL-4-deficient mice are susceptible to Trichinella spiralis infection,
indicating this cytokines critical role in anti-parasite responses (13).

A strong TH2 response is required for expulsion of most intestinal helminth
infections, however there is a range of requirements for components of the TH2
pathway in parasitic expulsion. IL-4 receptor (IL-4R) expression is required for
expulsion of the intestinal parasites N. brasiensis and T. spiralis (14, 15) or
protection against the blood-dwelling trematode Schistosoma mansoni (16), but
differing requirements for the cells on which it is expressed can be seen. N.
brasiliensis expulsion requires IL-4R expression on non-bone-marrow derived cells

only (such as the smooth muscle cells of the intestine) (17), protection from acute S.



mansoni infection requires IL-4R expression on bone-marrow derived cells only
(such as the cells of the immune system) (16), while 7. spiralis expulsion requires
IL-4R expression on both bone-marrow derived and non-bone-morrow derived cells
(17).

TH2 responses are also important in human intestinal parasite infection, as a
recent study showed that increased IL-5 and IL-13 responses to parasite antigens
inversely correlated with parasite load in A. lumbricoides and T. trichiura infection,
as assessed by fecal egg counts. Reinfection with intestinal parasites 8-9 months after
anti-helminthic drug treatment also inversely correlated with TH2 cytokine-
dominated responses (18), thus indicating protection against intestinal parasitic
infection is conferred by strong TH2 responses in humans.

TH2 responses clearly have a role in ejection of intestinal parasites, however
there also appears to be a role for TH1 responses in some non-intestinal parasitic
infections such as schistosomiasis and filariasis (10). This will be discussed in
sections 1.4 and 1.5.

As a potent immune response is clearly capable of ejecting parasites, chronic
parasites must suppress these responses in order to persist in the host.
Downregulation of the host immune response is evident in many parasitic infections,

as will be discussed in the following section.

1.3 Intestinal Nematodes
Chronic human gut nematodes include roundworms, such as 4. lumbricoides,
pinworms, such as E. vermicularis, and hookworms, such as Necator americanus.

Some models of these parasites in mice show immunosuppression, such as in H.



polygyrus, a natural chronic intestinal parasite of mice (19), which has been
extensively used as an experimental model (20). In this infection the early TH2
response is downregulated as infection progresses to later timepoints, (21).

Interestingly, H. polygyrus infection suppresses house dust mite allergic
responses (22) and colitis in an IL-10-deficient mouse model (23), indicating
suppression of responses to bystander antigens, and highlighting the probable role of
intestinal nematodes in the hygiene hypothesis. Transfer of mesenteric lymph node
(MLN) cells can transfer suppression in both the allergy and colitis models (22, 23),
indicating an induction of regulatory cells. H. polygyrus can also suppress responses
to other pathogens, as coinfection with Citrobacter rodentium and H.polygyrus leads
to reduced immunity to C. rodentium and increased bacterial titres (24).

In humans, evidence that gut nematode infection can lead to suppression of
inappropriate immune responses is mounting. Suppression of inflammation of the gut
was seen in patients with Inflammatory Bowel Disease (IBD) given Trichuris suis, a

pig intestinal nematode which is tolerated for a few weeks in humans (25).

1.4. Schistosome Infection

In Schistosoma mansoni infection, granulomas form around eggs deposited in
the liver. These granulomas are downregulated in size later in infection, indicating an
active downregulation of the immune response (26). In endemic areas, individuals
who appear immune to the parasite have higher antigen-specific responses than those
who are infected, and drug-cure of infected individuals increases their antigen-
specific responses, indicating an active suppression dependent on live parasites (10).

A correlation can also be seen in infected individuals between high egg output, and



low antigen-specific proliferation (10), indicating individuals with the highest worm
burdens are the most suppressed, or least able to control the infection.

The immunosuppression seen in Schistosome infection, as well as in other
chronic helminth infections, may benefit both the parasite and the host, as it limits
immunopathology. S. mansoni infection of IL-10-deficient mice showed that IL-10 is
important for controlling the magnitude of the response to parasite antigens in both
vaccination (27) and primary infection (28) experiments. IL-10-deficient mice
developed strong mixed THI/TH2 responses to S. mansoni antigens, resulting in
increased protection to an irradiated cercariae vaccine (27), and increased mortality
in primary infection, due to increased fibrosis around eggs deposited in the liver (28).

Infections of IL-4/IL-10 and IL-12/IL-10 double-deficient mice led to
increased mortality in primary infection. In IL-4/IL-10 double deficient mice,
strongly polarised TH1 responses developed, resulting in acute mortality after egg
deposition due to liver damage, lack of containment of the products released from the
deposited egg, and cytokine-induced shock. Conversely, IL-12/IL-10 double-
deficient mice developed highly polarised TH2 responses, which led to gradual
wasting and eventual death due to increased collagen deposition around deposited
eggs and fibrosis in the liver (28). In S. mansoni infection of mice lacking the IL-4R,
which are unable to make TH2 responses, acute pathology was seen due to an
inflammatory TH1 response around deposited eggs (29). Thus protection against S.
mansoni infection depends on a mixed TH1/TH2 response, and immunopathology is

controlled by downregulating both arms of this response via IL-10.



1.5. Filarial Infection

One of the best characterised examples of parasite-related
immunosuppression is in filarial infections, of which Brugia malayi is the best
understood laboratory model. B. malayi is a member of a family of lymphatic filarial
nematodes, which also includes Brugia pahangi and Wuchereria bancrofti. These
parasites are transmitted as L3 larvae by mosquitoes of the Aedes, Anopheles, Culex,
or Mansonia genera. Following entry into humans, the L3 larvae migrate to the
lymphatics, where they moult twice into adults which reproduce sexually to produce
the transmissible stage called microfilaria (Mf) which circulate in the bloodstream, as

summarised in Figure 1.1.
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Figure 1.1: Lifecycle of Brugia malayi.

Brugia and Wuchereria infect approximately 120 million people worldwide
(Wuchereria infecting 100 million, Brugia infecting 20 million), 44 million of whom

show overt pathology: the most severe form being elephantiasis, characterised by a



gross swelling of the affected limb, leading to fibrosis and secondary infection.
Filarial pathogens have a large economic impact in affected areas; principally sub-
Saharan Africa, South America and Asia (see Figure 1.2) due to an inability of

sufferers to work. The WHO has identified filariasis as the second-leading cause of

significant/long-term disability worldwide (30).

I Endemic Countries !'ﬁ\ "

Figure 1.2: Areas affected by filariasis. (Adapted from WHO website, www.who.int/en)

Individuals in areas where filarial infection is endemic can be divided into
three groups — endemic normal, chronic pathology and microfilaraemic. Endemic
normal individuals have strong TH2 responses to parasite antigens, with circulating
IgE antibody, and are thus thought to have produced a productive response and
cleared the infection. Individuals with chronic pathology have strong inflammatory
responses to the parasite, and will often also have cleared the infection. The

difference between these individuals and endemic normals is that immune responses



in chronic pathology are TH1 dominated, and cause damage to the lymphatics where
the adult parasites reside. This leads to occlusion of the lymphatic vessels, leading to
oedema of the affected limb. This swelling results in the characteristic disability in
lymphatic filariasis (known as elephantiasis), and can also cause debilitating
secondary infections (30).

The last group, microfilaraemia, is the most common outcome of infection
and is most intriguing immunologically. It is characterised by productive infection
with microfilariae circulating in the blood and adults detectable in the lymphatics.
However, despite this high antigen load, the immune response to parasite antigen in
microfilaraemic individuals indicates a very muted TH2 response, reflecting active
immunosuppression. This effect can be passed on from mother to child, as filarial
infected mothers are more likely to have filarial-infected children, who also show
suppressed TH2 responses (31). The suppressed TH2 responses evident in
microfilaraemic individuals are characterised by low levels of proliferation to
parasite antigen, and antibody responses dominated by the IgG4 isotype (32). It was
initially thought that acquired immunity to filarial infection developed over time, as a
study showed a negative correlation between age and infection (33), however a
subsequent wider analysis showed that infection remains constant through the
lifespan of the affected individuals (34). Therefore it seems no immunity to the
parasite develops in microfilaraemic individuals.

Treg activity in filariasis is evident in many experimental systems, as will be
discussed in more detail later. In human populations in endemic areas, endemic
normals have stronger antigen-specific immune responses than those who have

microfilaraemia, and chemotherapy wusing the microfilaricidal agent
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diethylcarbamizine has shown recovery of antigen-specific proliferation (35-39),
similarly to schistosomiasis (10). This indicates that immunosuppression in
microfilaraemics is active and may be dependent on products released by live

parasites.

1.6. Parasite-derived immunomodulators

In an effort to dissect the mechanism of parasite immunosuppression, various
in vitro approaches have been taken. Immune cells have been cultured with live
parasites, parasite homogenate or excretory/secretory products (or fractions of
either), and recombinant proteins cloned from parasite genomes. In the following

sections, progress in each of these areas is described.

1.6.1. Cultures with live parasites

B. malayi L3 larvae are around 1 mm in length, whereas microfilariae are
around 0.1 mm in length, and so both are amenable to microculture with immune
cells. Much information about the mechanism of immunosuppression from B. malayi
has come from this approach. A caveat of these live parasite systems is that both of
these stages are highly motile in culture, and so it can be difficult to determine if the
effects seen are due to immunosuppression, or from mechanical stimulus of immune
cells.

B. malayi L3 larvae, in cultures with human skin explants, inhibited the
activation of the chief population of APCs in the skin, the Langerhans cells (LC).
Because their activation is inhibited, the LCs migrate to the draining lymph node

with an immature phenotype, and are less able to stimulate T cells (40). Stimulation
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of T cells with immature APCs has been shown to produce tolerance to presented
antigens (41). When the B. malayi L3 larvae were cultured with dendritic cells
(DCs), DC antigen presentation was inhibited, while inducing their migration to the
draining lymph nodes. Contact with live microfilariae (Mf) of B. malayi can also
induce apoptosis of DCs and T cells (42, 43), and contact with live L3 can induce
activation, and subsequent apoptosis of NK cells (44). When PBMCs from
individuals from endemic areas were stimulated with live L3 larvae increases in
transcription of the Treg markers foxp3, TGF-f, CTLA-4 and PD-1; the tolerogenic
DC marker IDO; and the anergic T cell markers c-cbl, Itch, GRAIL and Nedd4
mRNA were increased in infected individuals compared to exposed, uninfected
individuals, indicating a predominant Treg response associated with patent infection
(45). Some of the effects of culture with live parasites, such as inhibition of antigen
presentation by LCs, remained when transwell cultures were used, indicating that
mechanical stimulation was not required and that parasite-derived secreted products

may be responsible (40).

1.6.2. Excretory/secretory products

Techniques for culture of parasites in vitro have been developed, allowing
products produced by either excretion or secretion from the parasite to be collected
and purified, in the absence of serum proteins. Excretory/Secretory (ES) products are
often concentrated using low molecular weight cut-off spin columns, and used in
various assays to show their effect on the immune system. Immunomodulatory
properties of ES products from many parasites, including 4. viteae, B. malayi, H.

polygyrus, N. brasiliensis and S. mansoni have been tested. A possible caveat of
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these systems is that parasites may change the makeup of the products released in
vivo and in vitro due to different stimuli from their environment, and, if concentrated,
only molecules in the ES of above the molecular weight cut-off are purified.

B. malayi adults ES (BES) injected into B. malayi-infected dogs suppresses
antigen-specific restimulation proliferative responses to B. malayi antigen,
suggesting an immunosuppressive role (46). BES injected intraperitoneally into mice
induced a suppressive population, similar to that seen in live adult or L3 larvae
intraperitoneal infection (47). These cells could suppress proliferation, but not
cytokine production by proliferating T cells, and were subsequently identified as
Alternatively Activated Macrophages (AAMacs) (48), as will be discussed in section
1.10.

N. brasiliensis adult ES (NES) when injected into the peritoneal cavity of
mice also induced a suppressive population of cells, however these were not as
potent as BES-induced suppressive cells (47). NES applied to DCs induced
maturation which, when the DCs were used to stimulate T cells, drove TH2
responses (49).

S. mansoni infective cercaria ES suppresses in vitro polyclonal proliferation
of infected or uninfected human PBMCs, and S. mansoni antigen-specific
proliferation in infected individuals (50). S. mansoni cercaria ES can also induce
maturation of DCs to produce TH2 responses (51) similarly to NES.

In our group, H. polygyrus adult ES (HES) has been used to induce Tregs in
vitro by a TGF-} receptor pathway (J. Grainger, submitted). Therefore, ES products

from parasites can induce both TH2 responses and immunoregulation.
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In order to dissect which molecules released by the parasites are responsible
for the effects seen, excretory/secretory products have been fractionated by their
physical properties such as size or charge. ES-62, a 62 kDa fraction of the
excretory/secretory products of the rodent filarial nematode Acanthocheilonema
viteae, was shown to be highly active in suppressing both T and B cell responses via
partial activation of signalling elements, inducing tolerance rather than activation
(52, 53). This activity is largely due to phosphorylcholine (PC) on ES-62 (53). An
ES-62 homologue has been found in B. malayi, and PC has been shown to be
attached to many B. malayi proteins, thus B. malayi may induce tolerance via a
similar pathway (53). In vitro, B. malayi antigens displaying PC motifs or Bovine
Serum Albumin (BSA) conjugated to PC can suppress mitogen-driven proliferation
of human PBMCs, indicating PC may be an important suppressive mediator from B.
malayi (54).

In S. mansoni, fractions of adult and egg antigens containing
lysophosphatidylserine signalled through Toll-like Receptor-2 (TLR-2), inducing IL-

10 production in T cells, indicating either Treg or TH2 cell induction (55).

1.6.3 Parasite Imnmunomodulatory genes

Many parasitic immune evasion genes have been identified, cloned,
transgenically expressed and their function investigated, as reviewed in (56). Bm-
GPX-1 (Glutathione peroxidase) and Bm-SODs (Superoxide Dismutases) detoxify
oxygen radicals (57, 58), which are produced by immune effector cells such as

neutrophils and eosinophils. Oxygen radicals can damage parasites, however
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production of these detoxification enzymes appears to protect B. malayi from
oxidative stress to a large extent (59).

B. malayi encodes two homologues of human MIF (Macrophage Inhibitory
Factor), Bm-MIF-1 and Bm-MIF-2. Bm-MIF appears to have similar chemotactic
activity for monocytes and macrophages in vitro as host MIF (60). In vivo, injection
of Bm-MIF-1 into the peritoneal cavity recruits a population of eosinophils, and
induces expression of the alternatively activated macrophage marker Ym-1 in
recruited peritoneal lavage macrophages (61). This data indicates Bm-MIF is a
potent inducer of TH2-associated innate cells.

The antigen presentation pathway is also interfered with by parasite-encoded
proteins. B. malayi Bm-CPI-2 is a cystatin which suppresses MHC class II
presentation by interfering with peptide degradation and loading (62). Cystatins are
an evolutionarily conserved family of proteins and as such are also encoded by the
free-living nematode C. elegans. However, in contrast to C. elegans cystatins, O.
volvulus and A. viteae cystatins can suppress the proliferation of polyclonally
stimulated human PBMCs and mouse splenocytes respectively, indicating their
immunomodulatory role (63). They can also induce production of IL-10 by antigen
presenting cells, adding to the suppression of T cell proliferation due to their role in
preventing antigen presentation (64).

S. mansoni secretes a 28 kDa protein which catalyses the production of
PGD2, a lipid mediator which is responsible for delaying of Langerhans cell
migration from the skin in early infection (65), thus delaying an effective immune

response until the parasite has migrated away from the site of infection.
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Both S. mansoni (66) and the filarial parasite O. volvulus (67) can produce
PGE2, another lipid mediator which induces tolerogenic DCs, suppresses T cells and
induces Foxp3 expression in T cells with polyclonal stimulus (68, 69).

With the partial or complete sequencing of parasite genomes including B.
malayi (70) and S. mansoni (71), immune evasion gene identification has
accelerated. The B. malayi draft genome (70) revealed a number of retinoic acid-
binding proteins, which may have an immunomodulatory role as retinoic acid
enhances the effect of TGF-f to induce Tregs while suppressing THI17
differentiation (72). Galectin genes were also identified, and mouse galectin-1 has
recently been shown to cause apoptosis in TH subsets (73).

Many parasites including B. malayi, Ancylostoma caninum, Strongyloides
stercoralis and S. mansoni encode homologues of TGF-f (21, 74-78). Their role in
the immune system and parasite development will be discussed in the following

sections.

1.7. TGF-B structure and function

Transforming Growth Factor-f (TGF-f) was so named for its ability to
immortalise and induce proliferation in fibroblasts, as a component of sarcoma
growth factor (79, 80). It was first purified from blood platelets, which are a rich
source of TGF-f (81). Since its discovery, it has been shown to be active in a large
number of biological systems including cell proliferation, development,
angiogenesis, apoptosis, tissue repair, fibrosis and the immune response (82-84).
TGF-f is a member of a large superfamily of TGF-f-like molecules, including Bone

Morphogenetic Proteins (BMPs), inhibins, activins, anti-Miillerian protein and
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Growth/differentiation Factors (GDFs), as well as the prototypic TGF- members of
the family. TGF-f family members are identified by a conserved domain at their C-
terminus, the presence of highly conserved cysteine residues, a protease cleavage
site, a less strictly conserved N-terminal pro-protein region and an N-terminal signal

peptide, as summarised in Figure 1.3.
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Figure 1.3: Structure of human TGF-1.

This project was concerned with the prototypic TGF-# members of the
superfamily, in humans TGF-f1-3. These isotypes in humans have an active domain
which is very well conserved, and a pro-region which is less well conserved, as
shown in Figure 1.4. The conserved domain of TGF-f is also very similar in

mammals including humans, rats and mice, as shown in Figure 1.5.
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Figure 1.4: Alignment of human TGF-$1, TGF-$2 and TGF-$3 amino acid sequences.
The protease cleavage site is indicated by a blue box, the conserved cysteines by yellow boxes.
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Figure 1.5: Alignment of amino acid sequences of human, mouse and rat TGF-f1.
The protease cleavage site is indicated by a blue box, the conserved cysteines by yellow boxes.
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TGF-f family members are present across the metazoan taxon, from humans
to fruit-flies and helminths. The TGF-f3 superfamily can be divided into two groups:
the TGF-f/activin/nodal family, which has 9 conserved cysteines in the conserved
domain, and the BMP/GDF/MIS family, which has 7 conserved cysteines in the
conserved region. These cysteines are essential for correct folding and formation of

the latent complex (85).

1.7.1. Release of mature TGF-

TGF-p is produced as a pre-pro-protein which must undergo a multistep
process to release the active cytokine. It is important that inactive cytokine is
produced, as TGF-f and the TGF-f receptor are both produced at some level by
most cell types. If TGF-f were produced in an active form, it would immediately
bind to its receptor, leading to a continual autocrine loop. The TGF-f pre-pro-protein
is produced as shown in Figure 1.3, and is directed to the Golgi apparatus by the
presence of the signal peptide, which also marks the protein for secretion. The signal
peptide is then removed, and the pro-protein is cleaved at the protease cleavage site
by furin family proteases. The pro-domain and active domain are now separate
peptides, however the pro-domain (now known as LAP — the Latency Associated
Peptide) - remains non-covalently associated with mature TGF-f. Latent TGF-§3
forms a dimer, and in the Golgi body the dimeric latent TGF- forms disulphide
bonds to Latent TGF-f Binding Proteins (LTBP1-4). Members of the LTBP family
have specificity for different TGF-f isoforms, and TGF-f isoforms can form
heterodimers, thus further increasing the complexity of TGF-f8 activation (86). The

complex of mature TGF-f, LAP and LTBP is known as the Large Latent Complex
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(LLC) and is secreted from the cell. The function of LTBP is to attach the LLC to the

extracellular matrix (ECM), sequestering latent TGF-f in tissues (85, 87). The LLC

is shown in Figure 1.6:

I Mature TGF-B
™ LAP

@ LTBP
Il Isopeptide bond

— Disulphide bond

@ ECM

Latent TGF- B

9 J
Large Latent Complex

Figure 1.6: The Large Latent Complex (LLC) of TGF-f, bound to the extracellular matrix.

In order for active TGF-f to act on its receptor, LAP must be degraded or
conformationally changed to release active TGF-f3. Release of active TGF-f3 can be
carried out in vitro by heat or acid treatment, which degrades LAP, but a number of
other mechanisms may act in vivo. A number of processes associated with tissue
repair are involved in TGF-f activation, which is logical as TGF-f is itself involved
in tissue repair. Reactive oxygen metabolites are often also produced during tissue
injury and inflammation, and these can activate TGF-f3, possibly by modifying LAP,
rendering it unable to stay bound to mature TGF-f3 (85). Proteases such as plasmin,
matrix metalloprotease (MMP) -2 and -9 and thrombospondin-1 (TSP-1) can activate

TGF-B, all of which are involved in matrix degradation and tissue repair.
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Interestingly, TSP-1-deficient mice develop inflammatory infiltrates in their lungs,
similarly to TGF-p-deficient mice, suggesting this TSP-1 cleavage of TGF-f3 is an
important process in mucosal sites (85, 88). Integrins also have a role in TGF-§3
activation, as both avf6 and avf8 integrins are able to activate TGF-f in vitro in the
presence of MT1-MMP protease indicating they may function to hold the LLC on
the surface of DC cells, allowing activation by proteases (85). Deletion of the
integrin binding domain of LAP resulted in a very similar phenotype to TGF-f3-
deficient animals (87), so although TGF-f activation in vitro is possible in the
absence of integrin binding, it seems likely that all TGF-f activation in vivo depends
on binding to integrins.

avf6, the first integrin found to be able to activate TGF-f, is expressed on a
subset of epithelial cells, and is upregulated by inflammation, indicating it may
activate TGF-P in response to injury. However, avf6-deficient mice have only a
mild phenotype, not fully replicating TGF-f3-deficient mice. (85, 89). avf38-deficient
mice, by contrast, die shortly after birth due to defects in the vasculature of the brain.
avf8 integrin is expressed in the immune system on CD4+ T cells and DC cells, but
a conditional knock-out of avp8 on CD4 cells had no discernable phenotype. An
avPp8 conditional knock-out on CDI1lc” (DC cells) produced a phenotype
indistinguishable from mice deficient in TGF-fBR signalling, indicating that av8 on
DCs is extremely important for TGF-f activation within the immune system (89).
Once mature TGF-f is released by any of the above processes, it must then bind to

the TGF-P receptor in order to affect cell fate.
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1.7.2. TGF- Receptor Signalling

TGF-B receptors are expressed by most cell types. They are a family of
heterodimeric receptors, with 7 type I receptors (ALK1-7) and 5 type II receptors in
humans. TGF-B1-3 binds ALK-5 and TGFBRII, and the signalling pathway activated

is summarised in Figure 1.7.
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Figure 1.7: The TGF-f signalling pathway.

TGF-B family molecules bind the type II receptor, which then recruits and
phosphorylates the type I receptor. The phosphorylated receptor then activates the
signalling cascade, dependent on Smad-family proteins. The activated receptor
phosphorylates Smad2 and Smad3, which form complexes with Smad4, and enter the
nucleus to act as transcription factors (90). Signalling is controlled by Smad7 and
Smurf1/2, which induce proteasomal degradation of the receptors, and also compete

with Smad2/3 for binding to the receptor. This is a homeostatic process, as Smad7 is
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strongly upregulated by TGF-f signalling (91). The TGF-BR can also signal through
Smad-independent pathways, such as the extracellular signal-regulated kinase (Erk),
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-
Akt pathways, through mechanisms not yet elucidated (92).

TGF-f signalling changes expression of a large number of genes, inducing
tissue repair, angiogenesis and fibrosis, affecting proliferation and the immune
system, as will be discussed in section 1.7.4. TGF-f encourages tissue repair by
upregulating extracellular matrix synthesis, downregulating matrix degradation
enzymes and upregulating protease inhibitors (82). Thus, application of TGF-f can
accelerate the wound healing response; however larger amounts of TGF-f3 can lead
to pathologic fibrosis. In Proliferative Retinopathy (PVR), a disease characterised by
fibrosis in the eye leading to blindness, concentrations of TGF-f are three times
normal levels, and injection of TGF-f into the eye of healthy mice can lead to PVR-
like symptoms (82). Conversely, adenoviral expression of soluble TGF-BR in a
model of PVR reduced the severity of the fibrosis (93).

The effects of TGF-f on cell proliferation depends on cell type — in most cell
types TGF-f signalling produces growth arrest, by arresting or lengthening the G1
phase of the cell cycle (82). However, as its name suggests TGF-f3 can also induce
transformation of some cell types, and fibroblasts are activated by TGF-p, inducing
transformation, leading to fibrosis (83). TGF-B family members also have
developmental roles, and are necessary for successful development in metazoans, as

discussed in the following section.
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1.7.3. Nematode TGF-f family members

Nematode TGF-f family molecules are intimately involved in key

developmental events (74, 76-78, 94). Members of the TGF- family have been

found in many nematodes, related to both the TGF-p/activin/nodal family and the

BMP/GDF/MIS family, as shown in the phylogeny in Figure 1.8.
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Figure 1.8: Phylogeny of TGF-f family members from mammals and nematodes.
Percentages at branch points are based on 1000 bootstrap runs, and are only shown when

above 50 %.

C. elegans encodes 5 TGF-f3 homologues, of which Ce-DAF-7 and Ce-DBL-

1 are the best studied. Ce-DAF-7 controls entry to the Dauer state (a resistant stage
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entered from the L1 larval stage, which the worm enters in response to adverse
conditions), and mutants in Ce-DAF-7 enter Dauer inappropriately and
constitutively. Ce-DAF-7 is expressed at highest levels in L1 larvae with a plentiful
food supply, which is the stage at which the decision to enter the dauer state is made.
Its expression is undetectable in dauer larvae and is upregulated after addition of
food and entry into normal development (95). Thus, Ce-DAF-7 expression prevents
entry into the dauer stage. Ce-DAF-7 also has developmental roles in other stages as
mutants show defective egg-laying (94). Mutants defective in Ce-DBL-1 have
smaller body size, whereas overexpression causes larger body size. Ce-DBL-1 is also
important in male development, as Ce-DBL-1-defective mutants showed defective
male sexual organ development (94).

B. malayi encodes 2 TGF-p family members, Bm-TGH-1 (B. malayi TGF-3
Homologue-1) and Bm-TGH-2. Bm-TGH-1 is related to Ce-DBL-1, and is a member
of the BMP/GDF/MIS family (74), and Bm-TGH-2 is related to Ce-DAF-7 and is a
member of the TGF-f/activin/nodal family (96). Bm-TGH-1 has been proposed to be
involved in development of the parasite, as its transcription was highest before each
larval moult in the host (74). Bm-TGH-2 has been proposed to have an
immunomodulatory role, due to high levels of transcription in the microfilarial stage,
which is associated with immune suppression, and also as recombinant Bm-TGH-2
could signal through the mammalian TGF-f§ receptor (96). However, the
upregulation of Bm-TGH-2 in microfilariae has also been proposed to have a role
similar to that proposed for TGF-f3 homologues in other parasites, i.e. maintaining

developmental arrest (77). Bm-TGH-2, alone among nematode TGF-f homologues
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described, has been detected in secretions from the adult parasite, giving credence to
the hypothesis it could be an immunomodulatory molecule (96).

Ancylostoma caninum, like B. malayi, encodes 2 TGF-B-family molecules,
Ac-DAF-7 and Ac-DBL-1, so called due to homology to the relevant C. elegans
genes. Ac-DBL-1 is expressed at the highest level in male adults, indicating it may
have a similar role as Ce-DBL-1 in male development. In contrast, Ac-DAF-7
transcript is highest in the arrested L3 stage. The L3 stage of parasitic nematodes is
arrested as the parasites must remain in stasis until they infect the host. Thus arrested
parasitic L3 larvae have been proposed to be analogous to the arrested C. elegans
dauer stage. The high expression of Ac-DAF-7 in the L3 larval stage indicates it
could have an opposing role to Ce-DAF-7, i.e. Ce-DAF-7 prevents entry into the
arrested state whereas Ac-DAF-7 maintains the arrested state (76). Interestingly,
addition of human recombinant TGF-f induces development of A. caninum L3
larvae to later stages in vitro, indicating the parasite and mammalian TGF-fs are
sufficiently similar to both be recognised by the parasite TGF-f3 receptor (97). This
result may contradict the theory that Ac-DAF-7 has a role in maintaining the arrested
L3 state, as addition of TGF-f should maintain arrest, not break it. Therefore,
although Ac-DAF-7 is expressed at highest levels in L3 larvae, it may not be
released and/or activated until the parasite enters the host. Alternatively these results
could be explained by host and parasite-derived TGF-3 acting on difference parasite
receptors, with opposing roles.

Sst-TGH-1, a Strongyloides stercoralis TGF-f3 homologue has been proposed
to have a role in maintaining developmental arrest due to its upregulation in the

developmentally arrested iL3 stage (77), similarly to Ac-DAF-7.
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SmiInAct, the S. mansoni TGF-f3 family member, is necessary for successful
development, as infertile females show downregulated SmInAct, and the mature
form of the protein is only detectable in the egg stage. Using RNAi on adult
parasites, SmInAct transcription was knocked down, resulting in the adults
producing eggs that would not develop to later stages (78).

Although TGF-f3 homologues in parasites have a well documented role in
developmental pathways, their potential for interaction with the immune system has
been neglected, excepting the case of Bm-TGH-2. As TGF-f has an extremely potent

and multi-functional role in the immune system, this may be of importance.

1.7.4. TGF-f in the Immune System
TGF-f has multiple roles within the mammalian immune system,

summarised in Table 1.1.
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Table 1.1: Functions of TGF-f in the immune system.

Cell type Suppression Activation Differentiation
B cells Suppress Induces IgA
proliferation (82). production (98).
Imprints mucosal
phenotype (99).
NK cells Prevents IFN-y Chemoattractant
production (100). | (82).
Prevents
accumulation
(100).
Dendritic cells / Prevents Chemoattractant Induces CD103
monocytes maturation (84). for monocytes (82). | expression (99).
Stimulates Imprints mucosal
apoptosis (84). phenotype (99).
Prevents TLR
signalling (101).
CD4" T cells Suppresses High Induces CD103
proliferation (82). | concentrations expression (99).
Induce apoptosis increase 1L-12 Imprints mucosal
(102). responsiveness phenotype.
Suppresses 1L-2 (102). Promotes IL-10
production. production (92).
Suppresses TH1 TGF-p alone
and TH2 induces Foxp3
differentiation (92). (103).
Low TGF-p +1L-6
concentrations induces TH17
reduce IL-12 differentiation
responsiveness (104).
(102).
CD8" T cells Suppresses
proliferation.
Suppresses [FN-y,
perforin and t-Bet
transcription (105,
106).

TGF- in the immune system is often associated with immune suppression.
Immune suppressive effects of TGF-f signalling include suppression of transcription
of GATA3 (required for TH2 differentiation) and T-Bet, STAT4 and IFN-y (required

for TH1 differentiation), thus suppressing induction of TH2 and THI responses
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respectively (92). It also suppresses IL-2 production, leading to the suppression of
proliferation seen in T cells. TGF-f can therefore suppress the proliferation of naive
T cells (which require IL-2 for proliferation), however activated T cells are less
susceptible to suppression, possibly due to downregulation of the TGF-BRII. Some
evidence also exists for differential susceptibility to TGF-f suppression by T helper
cell subsets: THI cell effector cytokine production is downregulated by TGF-f,
whereas TH2 cell cytokine production remains unaffected. TGF-f also promotes IL-
10 production by T cells, which may further suppress TH1 cells, while not affecting
TH2 cells (92).

Other immune cell types affected by TGF-p include CD8" T cells, in which
antigen-specific IFN-y release and T-Bet transcription (105), as well as perforin
expression (106) are suppressed by TGF-f, preventing CD8" T cells from becoming
fully activated and carrying out cytotoxic functions. Using mice expressing dominant
negative TGF-BR under the control of the CD1lc promoter, the role of TGF-f3
signalling in DC cells and NK cells could be investigated, as both NK cells and DC
cells express CD11c. Transgenic NK cells were at much higher frequency in these
mice than wild-type and produced large amounts of IFN-y, leading to increased TH1
responses (100). Interestingly, DC frequency and production of IL-12 was unaffected
in this system, although TGF-f has been shown to prevent DC maturation, antigen-
presentation and migration to the draining lymph node, to stimulate DC apoptosis
(84), and prevent TLR-signalling (101).

The effects of TGF-f are further complicated by dose- and context-
dependency. High concentrations of TGF-f (10-100 ng/ml) increase CD4" T cell IL-

12 responsiveness, whereas low concentrations (below 1 ng/ml) reduced IL-12
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responsiveness (102). TGF-f3 has long been known to have opposing roles in the
immune system, suppressing or inducing proliferation depending on dose, cell type
and context (83), and accelerating or preventing apoptosis in different conditions
(82). It can be inflammatory in some settings as it is a chemoattractant for monocytes
and NK cells (82).

TGF-f is also an important differentiation factor. It induces CDI103
expression on mucosal homing immune cells (99), and induce class switching to IgA
in B cells (98). TGF-f is highly expressed in mucosal tissues, and seems to be
involved in imprinting a mucosal phenotype on immune cells (99).

In combination with IL-6, TGF-p was recently shown to be essential for
TH17 induction, a highly inflammatory response (104). TH17 cells are intimately
involved in disease progression in autoimmune models such as Experimental
Autoimmune Encephalomyelitis (EAE) (107), in defence against intracellular
bacteria such as Citrobacter rodentium (108) and in some models of colitis (109). In
in vitro cultures, T cells stimulated polyclonally in the presence of TGF-f3 expressed
Foxp3 and became Tregs (103), whereas when IL-6 was also present they produced
IL-17 (104). IL-23 is also involved in the TH17 differentiation pathway, however it
is not (as first thought) essential, but rather seems to be required for expansion and
maintenance of TH17 cells (109). Conversely, the vitamin A metabolite retinoic acid
(RA) suppresses TH17 differentiation in the presence of TGF-f and IL-6, and

promotes Treg induction (72).
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1.8. Treg functions and markers

The possibility that a subset of T cells is involved in suppression of
autoimmune responses has long been proposed (110), however it was not until
recently that regulatory T cells (Tregs) could be reliably identified and manipulated.
The first subset of Tregs discovered, now known as “natural” Tregs, were shown to
have a role when it was observed that mice thymectomised between days 3 to 5 after
birth develop autoimmune responses directed against the ovaries (111). Therefore, a
subset of T cells must develop in the thymus during days 2-4 post-partum that
suppress anti-self responses. These thymectomised mice are rescued to a normal
phenotype by transfer of CD4'CD25", but not CD4'CD25", T cells from adult mice,
showing that the regulatory cells must be within the CD4'CD25" subset (112). Other
markers were subsequently found to be associated with Tregs (113), as shown in

Table 1.2.
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Table 1.2: Markers used to identify Tregs

Marker Function Expression Reference
CD25 Alpha subunit of the IL- | Natural Tregs and (112)
2R transiently on activated
T cells
CD45RB" Isoform of CD45, Natural Tregs and (114)
dephosphorylates src activated T cells
kinases
CTLA-4 Negative costimulatory Tregs and activated T (115)
molecule, binds cells
CD80/CD86
TGF-f (surface- | Suppressive cytokine May be Tregs only (116)
bound)
GITR Unknown Tregs and activated T (117)
cells
FoxP3 Transcription factor Only in Tregs as (118)
nuclear protein
LAG-3 CD4 family, binds MHC | May be Tregs only (119)
class 11
CD103 (aepf7) | Integrin, binds E- Mucosal and skin- (120)
cadherin homing T cells,
correlates with most
active Tregs
PD-1 Inhibitory receptor, binds | Transcription (121)
CD274 (PD-L1) upregulated on Tregs
IL-35 Inhibitory cytokine Produced by activated | (122)
Tregs

CD45RB can be used to separate Tregs from naive T cells. Transfer of
CD4"CD45RB" cells into scid mice results in colitis from uncontrolled immune
responses against enteric bacteria. Transfer of CD4 CD45RB" cells suppressed this
colitis, indicating the suppressive population was contained with the CD4'CD45RB"
population (114).

CTLA-4 is also expressed on natural Tregs, and in vitro and in vivo its
expression has been shown to be necessary for suppression. CTLA-4-deficient mice
develop a lymphoproliferative disorder, and die within a month of birth (123).
Further evidence that CTLA-4 expression is involved in maintenance of tolerance to

self is that anti-CTLA-4 treatment in naive mice results in development of
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autoimmunity (115). Moreover, in the autoimmune models of EAE and Insulin-
Dependent Diabetes Mellitus (IDDM), anti-CTLA-4 treatment excacerbates disease,
as pathogenic autoimmune cells are released from suppression (123, 124). CTLA-4
binds CD80 and CD86 on Antigen Presenting Cells (APCs) with high affinity,
leading to DC production of Indoleamine 2,3-dioxygenase (IDO), an enzyme which
degrades tryptophan (125). Tryptophan is an essential amino acid for T cell
proliferation, and its depletion leads to T cell tolerance and apoptosis (126). As well
as being an effector molecule of Treg suppression, CTLA-4 has been shown to be
necessary for TGF-B-mediated induction of Tregs, although the mechanism
mediating this is unknown (127).

Tregs express surface-bound TGF-3, which they may use to suppress other
cells (116). This has been used to explain the conflicting data regarding Treg contact-
dependency: natural Tregs cannot suppress in transwell cultures, so must be contact-
dependent, however many studies showed that addition of anti-TGF- ablated
suppression, indicating production of soluble immunosuppressive mediators. If the
TGF-P used to suppress T effectors is surface-bound on natural Tregs, this explains
both results.

GITR (glucocorticoid-induced TNFR family-related receptor) is expressed on
all CD4+ T cells at a low level, and although upregulated on activated naive CD4" T
cells, it is expressed at highest levels on CD4'CD25" Tregs. GITR-deficient animals
have similar levels of Tregs in the thymus, however levels of Tregs in the periphery
are reduced by around a third, indicating GITR signals may be important for
maintaining the Treg population (128). Early studies showed that GITR ligation by

agonistic antibody resulted in loss of functional suppression by Tregs, and so it was
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hypothesised that GITR ligation directly abrogated Treg function (117, 129).
However, later studies using coculture of GITR-deficient cells in Treg suppression
assays in the presence of agonistic anti-GITR antibody showed that GITR ligation on
non-Tregs allows them to overcome Treg suppression (128).

Foxp3 is a transcription factor expressed by natural Tregs, which is necessary
for their development. In humans a condition called IPEX (X-linked neonatal
diabetes mellitus, enteropathy, and endocrinopathy syndrome) results from mutations
in the Foxp3 gene, and is characterised by fatal systemic autoimmunity. A similar
phenotype can be seen in Foxp3-deficient mice, or scurfy mice (which lack Foxp3
due to a null mutation) (130). Transgenic expression of Foxp3 in non-regulatory T
cells results in development of a Treg phenotype (118). In mice, Foxp3 is entirely
specific for Tregs, but in humans Foxp3 is transiently expressed in activated T cells
(131). Studies using Foxp3-GFP fusion protein have shown that Foxp3 expression is
mostly restricted to CD4" T cells, with only a small population of CD8" or CD4"
CDS" cells expressing Foxp3 (131). The action of Foxp3 as a trancription factor
appears to depend upon its binding to NFAT. Complexes of NFAT and AP-1 change
expression of genes associated with T cell activation, e.g. upregulation of IL-2.
However, Foxp3 can bind NFAT instead of AP-1 in tolerised/regulatory cells,
leading to opposing gene regulation, e.g. downregulation of IL2 and upregulation of
Treg markers (132).

The CD4-family molecule, LAG-3, is a surface receptor which is reported to
be expressed only on activated natural Tregs. Transgenic expression of LAG-3 in
naive T cells induces some suppressive function, and inhibition of LAG-3-expressing

cell proliferation. It does not seem to have a dominant role as LAG-3 deficient mice
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do not have an autoimmune phenotype, however Tregs from these animals are less
suppressive than wild-type Tregs (119). LAG-3 has a related structure to CD4, and
binds MHC class II with higher affinity than CD4. Binding to MHC class II is
required for its suppressive function, however the mechanism of suppression remains
unknown. In order to release proliferating cells from suppression, LAG-3 is cleaved
from the surface of the Treg by activation-induced matrix metalloproteases (133).

CD103 is an integrin that, in combination with integrin $7, binds E-cadherin.
It may also have costimulatory roles, as agonist antibody enhances proliferation of T
cells with suboptimal anti-CD3 (134). This interaction is involved in retaining cells
at epithelial surfaces, and CD103-deficient animals have lower numbers of T cells
maintained at the mucosal epithelium, and spontaneously develop inflammatory skin
lesions (134). Its expression is induced by TGF-f (99), and in naive animals it is
expressed only in mucosal tissues, which have high steady-state levels of active
TGF-B (99). CD103" Tregs are highly suppressive, and are especially active against
colitis and inflammatory bowel disease (135). In Leishmania major infection, Tregs
expressing CD103 accumulate at the site of infection and control the immune
response. In CD103-deficient animals, Tregs are not retained at the site of infection
and strains which are susceptible to L. major infection become resistant, due to an
enhanced immune response (120).

PD-1 was identified by subtractive hybridisation as a receptor which was
upregulated on apoptotic cells. It is a member of the CD28/CTLA-4/ICOS
costimulatory receptor family, and binds its ligands, PD-L1 and PD-L2, which are
expressed on APCs and other non-lymphoid tissues. PD-1 is upregulated on activated

T cells and on Tregs (136). However a recent report showed that although Tregs

36



express PD-1, it is stored intracellularly until the Treg is stimulated through the TcR,
whereas activated T cells express high levels of PD-1 on their surface (121).
Therefore suppression may occur through ligation of PD-1 on effector cells, rather
than on Tregs. PD-1-deficient mice have an autoimmune phenotype, however not as
severe as that in CTLA-4-deficient mice (136).

IL-35 is a recently-discovered cytokine, which consists of a heterodimer of
Ebi-3 and IL-12a (122). It is produced by actively suppressing Tregs (in coculture
with effector cells), and its expression is induced by Foxp3. In vitro, IL-35 alone can
suppress T cell proliferation, indicating its role as a Treg suppressive cytokine. Ebi3
or IL-12a-deficient mice do not have an autoimmune or inflammatory phenotype,
and have normal numbers of Tregs in the periphery. As Ebi3 and IL-12a have roles
in other cytokines (Ebi3 is a component of the inflammatory cytokine IL-27, and IL-
120 is a component of the TH1-inducing cytokine IL-12), mice deficient in either of
these genes may have compensating deficiencies in both regulatory and
inflammatory capacities. However, Tregs from Ebi3 or IL-12a-deficient mice cannot
control pathology in a model of colitis. Thus it appears that although IL-35 is not
involved in Treg development, it is required for the highest level of suppressive

capacity during inflammatory responses (122).

1.8.1. Development of Tregs

Natural Tregs develop in the thymus, although the signals necessary for the
decision to become a naive T cell or a Treg are still under debate. CD25-deficient or
IL-2-deficient mice have around 50% of the normal numbers of Tregs, so signals

through the IL-2 receptor are dispensable for Treg development. However, mice
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deficient in the common yc, which makes up part of the trimeric IL-2 receptor, as
well as many other cytokine receptors (eg IL-4, IL-7, IL-15), have no Tregs,
indicating other signals through this receptor are necessary for development (137).
IL-15 deficient mice have a similar phenotype to IL-2-deficient mice, showing that
IL-15 is dispensable for Treg development. Interestingly, mice deficient in CD122
(the B chain of the IL-2 and IL-15 receptors) or IL-2/IL-15 double deficient mice
have no Tregs, so the effects of IL-2 and IL-15 appear to be compensatory in Treg
development (138). IL-2-deficient Tregs have normal levels of Treg-associated
markers, apart from TGF-, so the role of TGF-f and IL-2 may be in maintenance of

Treg fitness in the periphery (137).

1.8.2. Treg Subsets

There are generally agreed to be two groups of Tregs — natural (nTregs) and
adaptive (aTregs). nTregs suppress in a contact-dependent manner and prevent
autoimmune reactions (139). They develop in the thymus, populating the periphery
and making up around 10% of the CD4" T cell pool. They express CD4, CD25,
CTLA-4 and Foxp3 and are often depleted or purified using antibodies against
CD25. It has been suggested that nTregs are specific to self antigens as they police
against autoimmune responses (140). Evidence that first suggested this came from
mice with transgenic T cell receptors (TcRs) specific to self-antigens, where T cells
expressing TcRs with high affinity for self-antigens developed into Tregs, whereas
those of low affinity to self-antigens were either deleted or became normal naive T
cells (141). Later studies using mice with transgenic (-chains of the TcR but

endogenous o-chains (and thus a limited antigen specificity) confirmed this, as
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CD4'CD25" and CD4'CD25 cells had largely different specificities with little
overlap. When TcRs from CD4'CD25" cells were transgenically expressed in naive
T cells, they caused a wasting disease indicating an autoreactive specificity (142).
However, recently the self-specificity of Tregs has been called into question. Using
transgenic mice with a limited repertoire of TcRs, T cells were separated into Tregs
and non-Tregs by Foxp3-GFP expression, then and their TcRs were cloned into
hybridomas. In this study, neither the Treg nor the non-Treg TcRs responded to self-
antigens, indicating all T cells were specific to non-self antigens (143). Clearly
further research in this area is needed to clarify this.

aTregs are induced in the periphery either to self or foreign antigens, however
their development is less well understood. Whether they originate from naive T cells,
natural Tregs or are a separate subset is still under discussion. Some authorities in the
field have proposed two groups of aTregs. These are Trl cells and TH3 cells, and
their role in vitro and in vivo has been studied extensively. Trl cells produce IL-10
and TGF-P, are Foxp3™ and are created in vitro by repeated stimulation in the
presence of high concentrations of IL-10 or vitamin D3 and dexamethasone, or by
stimulation with tolerogenic DCs (140). They are present in the intestinal epithelium
and so are thought to be involved in downregulation of responses to gut flora (92).

TH3 cells resemble activated nTregs in that they express Foxp3 and the
surface markers associated with nTregs, but produce high levels of TGF-f, unlike
nTregs which express similar levels of TGF-f mRNA to naive T cells (92). They can
be created in vitro by polyclonally stimulating T cells in the presence of TGF-f (103,
144), and are thought to be involved in oral tolerance induction in vivo. Induction of

this subset can also be carried out experimentally in vivo as a study showed using
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transgenic TGF-f production in the pancreatic islets of diabetes-prone mice led to an
accumulation of Tregs, and a suppression of disease (145). Retinoic acid promotes
Treg induction by TGF-f, while downregulating TH17 induction, and retinoic acid is
involved in imprinting the mucosal phenotype on immune cells (72). TGF-f
induction of Tregs is downregulated by TH1 and TH2 cytokines (146), indicating a
productive effector response may inhibit the development of tolerance.

Of possible significance to aTreg induction is the finding that PGE2, an
arachadonic acid metabolite, can also induce Foxp3 in human T cells similarly to
TGF-B (69). PGE2 also induces a tolerogenic phenotype in DCs, resulting in DC

upregulation of IDO (68).

1.9. Tregs in Infection

Tregs control autoimmune responses, but they have also come under scrutiny
in controlling anti-pathogen responses. Their activity could be of benefit to the host,
limiting immunopathology, or of benefit to the pathogen, preventing clearance. Tregs
have now been shown to play a role in all classes of pathogens: viruses (147-152),

bacteria (153, 154), protozoa (120, 155-157) and helminths (10, 21, 22, 29, 158-165).

1.9.1. Tregs in Viral Infection

Viral infections are often associated with Treg induction, with increased
proportions or numbers of Tregs seen in the local tissues or peripheral blood of
individuals infected with Friend Virus (150), Human Immunodeficiency Virus (HIV)
(166), Hepatitis B Virus (HBV) (151), Hepatitis C Virus (HCV) (152), Herpes

Simplex Virus (HSV) (167) and dengue virus (148, 149).
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Friend virus infection has been known for some time to produce a suppressed
immune response with reduced CD8" T cell responses. This suppression was later
found to be transferable with Tregs (150). CD4" T cell transfer from chronically
infected mice could also suppress tumour immunity in vivo, and suppress a mixed
lymphocyte reaction in vitro (148). Tregs effectively prevent a productive immune
response, as Treg ablation produced a reduced viral titre (147).

In HIV, CD25 depletion in vitro increased HIV-specific responses in HIV
infected individuals (166), and higher frequencies of circulating Tregs correlated
with low CD4" cell counts (148), indicating a role for Tregs in suppressing anti-HIV
responses.

In HBV, Treg frequency increased in the blood and liver of chronically-
infected individuals and correlated with high viral titre (151), and in HCV Treg
frequency and suppressive activity was increased in acute infections, with high Treg
induction correlating with increased viral titre and higher probability of progressing
to chronic infection (148). HCV liver biopsies also show a correlation between
higher Treg accumulation and lower liver damage (26). These data argue for
induction of Treg activity in Hepatitis virus infection, leading to chronicity of the
infection and control of immunopathology.

Other examples exist of Treg induction in viral infections leading to a more
favourable outcome. In dengue virus infection, increased levels of Tregs correlate
with milder disease due to a reduction of immunopathology (149).

Host factors may play a role in viral Treg induction. TGF-f is elevated in
many viral infections including HIV, SIV, HCV, EBV, CMV, dengue virus,

influenza, HTLV-1 and vaccinia virus. IL-10 is also upregulated in many viruses,

41



and evidence of the importance of its role in viral infection comes from EBV,
parapoxvirus and equine herpesvirus 2, all of which encode viral IL-10 homologues

(148).

1.9.2. Tregs in Bacterial Infection

Tregs also have a role in bacterial infections. In human Mycobacterium
tuberculosis infection, Tregs frequencies are increased in the blood of infected
individuals, and drug cure of the infection results in return of Treg levels to normal,
indicating an active induction of Tregs, dependent on productive infection (153).

There is also evidence of Treg involvement in infection with the chronic
stomach-dwelling bacterium Helicobacter pylori, the causative agent of peptic
ulcers. Depletion of Tregs in an H. pylori mouse model results in increased
immunopathology but reduced bacterial colonisation (154). In human infection,
memory CD4" T cells from H. pylori-infected individuals produced less IFN-y on
antigen restimulation than uninfected individuals. Removal of Tregs from the
cultures resulted in increased IFN-y production in infected individuals only,

indicating active suppression (154).

1.9.3. Tregs in Protozoal Infection

Much of our insight into Treg induction in infection has stemmed from work
on the protozoal parasites of the Leishmania genus. In Leishmania major infection,
Treg accumulation at the site of infection occurs (157). In adoptive transfer studies,
where CD4 CD25" or CD4'CD25" cells were purified from lesions and transferred to

RAG™ animals, it was shown that transfer of CD4'CD25" effector cells resulted in
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sterile immunity, while co-transfer of CD4'CD25" cells downregulated responses
and resulted in survival of a small number of parasites. This effect was partially IL-
10 dependent, as infection of IL-10-deficient mice resulted in sterile immunity, and
transfer of IL-10-deficient CD4 CD25" cells did not suppress immunity as efficiently
as wild-type cells. Interestingly, in models where sterile immunity was achieved, the
immunity to subsequent infections seen in wild-type mice was lost, indicating that a
small number of persisting parasites were necessary for immunity to repeated
infections (157). Adoptive transfers using Ly5.1 CD4'CD25" cells and Ly5.2
CD4"CD25 cells in this model showed that the Tregs present at the site of infection
originated from pre-existing natural Tregs, rather than being induced from
CD4'CD25 naive cells (120). These Tregs were unusual in that they were not
anergic in vitro, and would proliferate to L. major-infected DCs, while retaining
Foxp3 expression and suppressive ability (155). The Tregs at the effector site express
CD103, and this is important for suppression as CD103-deficient mice could not
recruit Tregs to the infection site, and so susceptible mice became resistant (120).

In another important protozoal parasite, Plasmodium berghei (a mouse model
of Plasmodium falciparum-related cerebral malaria), Tregs have a more complex
role in infection. Depletion of Tregs with anti-CD25 prior to infection decreased
severity of cerebral malaria. This is surprising as depletion of Tregs usually
exacerbates immunopathology such as that seen in cerebral malaria (156). The
depletion of Tregs was shown to increase the anti-malarial response, leading to lower

early parasitaemia, preventing immunopathology in the brain.
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1.9.4. Tregs in helminth infection
1.9.4.1 Trichinella spiralis

Trichinella spiralis is a nematode which lives in the lumen of the gut,
releasing larvae which migrate through tissues to encyst in the muscle in specially
adapted nurse cells. In a mouse model where 7. spiralis larvae were injected
intravenously, IL-10 levels in restimulations were increased and controlled the
potentially pathogenic TH1 response. The IL-10 produced was not from TH2 cells as
it was unaffected in STAT-6 KO mice, which lack TH2 responses. Increased levels
of Foxp3 staining were also seen at the infection site, indicating Treg induction,
however ablation of Tregs using anti-CD25 did not result in drecreased worm

burden, indicating Tregs may not be the main controlling factor in this model (161).

1.9.4.2. Heligmosomoides polygyrus

H. polygyrus infection leads to an induction of a Treg population in the
mesenteric lymph node (MLN), with an increase in the proportions and numbers of
activated natural Foxp3" Tregs expressing CD103, CTLA-4 and surface TGF- in
the Mesenteric Lymph Node (MLN), and later the spleen (21, 164). This activated
phenotype correlates with increased suppressive ability, as Tregs purified from the
infected MLN at later timepoints are more suppressive in vitro than naive controls
MLN Tregs (21, 164). At early timepoints after infection, Foxp3" cells could also be
seen to accumulate in the intestinal epithelium, at the site of infection (164). As
mentioned previously, transfer of these Tregs is able to suppress both colitis and

allergy in recipient animals (22, 23).
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1.9.4.3. Schistosome infection

Schistosome infection, or schistosome egg injection, induces a TH2 response,
with a small or undetectable TH1 response at later timepoints. However the initial
response to infective cercaria is TH1-polarised, which is downregulated at later
timepoints as egg deposition occurs (10). It was thought that the suppression of TH1
responses to schistosomes was due to IL-10 released from TH2 cells. However,
recent studies have shown that in the absence of TH2 responses (in IL-4-deficient
mice), THI responses are not greatly increased after schistosome egg injection, but
depletion of Tregs greatly increases both TH1 and TH2 responses in an IL-10-
independent manner. Tregs in this model expand in the draining LN, and could
proliferate to Soluble Egg Antigen (SEA), indicating they may be specific to parasite
antigens (29).

In S. mansoni infected mouse liver and spleen, foxp3 transcript levels
increase. The Tregs induced in this model are involved in suppression of the
pathogenic granuloma around deposited eggs, as retroviral transduction of foxp3 in
infected mice resulted in significant decrease in the size of the granulomas (163). A
recent study showed that S. mansoni infection did not increase the proportions of
Foxp3" cells in the CD4" population of infected mice, however their numbers in the
liver (at the site of egg deposition) did increase, in concert with CD4 Foxp3™ cell
recruitment (165). However, the phenotype of the Tregs changed, with increased
expression of CD103 (as seen in the H. polygyrus model (21, 164)), indicating an
activated phenotype. Interestingly, when Tregs were depleted using anti-CD25,

although proportions of IL-4-producing cells did increase, there was no evidence of
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increased proliferation, indicating the Tregs in S. mansoni infection may control
differentiation, but not proliferation of effector cells (165).

The role of TGF-f in relation to Tregs in this model is yet to be elucidated,
although it has been shown that the fibrosis which occurs in the liver of S. mansoni-

infected mice is unaffected by the absence of TGF-f3 signalling (168).

1.9.4.4. Filariasis

As mentioned previously, filarial-infected individuals show an antigen-
specific hypoproliferative defect, indicating the presence of antigen-specific Tregs.
Recently, more direct evidence of Treg induction in filarial infections of humans and
model animals has come to light.

In Onchocerca volvulus, the filarial nematode which causes river blindness,
antigen-specific hyporesponsiveness is present in generalised oncocerciasis (GEO)
individuals (those who have productive infections, similarly to microfilaraemic
individuals in lymphatic filariasis), which is absent in putative immune individuals.
The hypoproliferative defect was specific to O. volvulus antigen, as normal responses
were seen to Ascaris suum antigen, another nematode endemic in the population
studied. When T cell lines were made from a GEO individual’s PBMCs, the majority
of clones which proliferated to O. volvulus antigen did not produce IL-2, but instead
produced either IL-10 or TGF-f, with four clones producing both, indicating
antigen-specific Treg induction. In putative immune individuals (comparable to
lymphatic filariasis endemic normals), no Treg-resembling clones could be isolated,
supporting the notion that antigen-specific Tregs are controlling the immune

response to filariasis in chronically infected individuals (162).
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In Wuchereria bancrofti, the most widespread causative agent of lymphatic
filariasis, CTLA-4 expression is increased on T cells from microfilaraemic
individuals, and these CTLA-4" cells are also CD4'CD25", indicating an increase or
activation of Tregs. Blocking CTLA-4 in in vitro restimulation cultures led to
increased production of filarial antigen-specific IL-5, indicating the CTLA-4-

expressing Tregs are suppressing filarial-specific TH2 responses (158).

The Litomosoides sigmodontis model of filarial infection has been
instrumental in establishing a role for Tregs in filarial infection. L. sigmodontis is a
filarial nematode which naturally infects cotton rats (Sigmodon hispidus), but in the
laboratory can complete its lifecycle within gerbils and some strains of mice (169).
Infection with L. sigmodotis in mice elicits a TH2 response, which leads to rejection
of the parasite by a neutrophil-dependent pathway in resistant mouse strains (170). A
productive TH2 response is essential, as anti-IL-5 administration prevents parasite
clearance (32), similarly to IL-4-deficient mice (170). However, similarly to
Schistosome infection, a TH1 component also appears to be involved in rejecting L.
sigmodontis, as IL-5/IFN-y double deficient mice have an increased worm burden
compared to IL-5 single-deficient animals (171, 172).

L. sigmodontis-infected animals show a similar hypoproliferative defect to
that seen in filarial-infected humans (173, 174), indicating a role for antigen-specific
Tregs in this model. Tregs are induced in response to L. sigmodontis infection, with
increases in expression of Foxp3, CTLA-4, and GITR at the site of infection.
Administration of anti-IL-10 had no effect in this model, indicating suppression was
IL-10-independent. However, administration of anti-CTLA-4 and anti-GITR together

resulted in a reduced worm burden and ablation of the hypoproliferative defect, due

47



to blocking of Treg suppression (blocking CTLA-4), while costimulating suppressed
TH2 cells (GITR stimulation) (160). If L. sigmodontis Mf alone are injected, they are
rejected, however if adult parasites are also introduced, or adult ES is injected, the
MTf are tolerated, arguing for a suppressive effect dependent on the secretions of adult
parasites (174).

Early experiments using a model of B. malayi infection in jirds (Mongolian
gerbil Meriones unguiculatus), showed a similar hypoproliferative defect to that seen
in human infection. These experiments showed a major defect in proliferation of T
cells stimulated with parasite antigens, with a smaller defect when stimulated with
mitogens, compared to uninfected controls (175). This effect was dependent on
adherent cells in the spleen of the jirds, and subsequently a similar population of
suppressive adherent cells has been found in the spleens of mice infected with
Brugia pahangi, a closely related parasite to B. malayi (176).

There is also evidence for Treg induction in B. pahangi infection of mice. L3
larvae or microfilaria (Mf) were injected subcutaneously, and splenocytes
restimulated with adult antigen before analysis for Treg markers. L3 larvae infection,
but not Mf injection led to a production of IL-10 and TGF-f by CD4" T cells. The T
cells responding to antigen also upregulated expression of CD25 and CTLA-4, with
an upregulation of Foxp3 and IL-10 transcription, all indicating an antigen-specific
Treg induction (159).

These results indicate an antigen-specific suppression dependent on live
parasites. The mechanisms keeping the immune response in check may involve Treg
suppression, parasite-derived immunomodulatory molecules and/or suppressive

macrophages.
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1.10. Alternatively Activated Macrophages

Early data in the jird B. malayi model showed that adherent cells in the spleen
were actively suppressing T cell responses, and when the adherent population was
removed proliferative suppression was partially abrogated (175). Later work using
the mouse peritoneal implant model (where adult worms are directly implanted into
the mouse peritoneal cavity, as the full lifecycle cannot develop within the mouse)
also showed a suppressive population of adherent cells in the peritoneal lavage (47,
48, 177). This adherent population appears to be composed of alternatively activated
macrophages, and much work has been done to characterize these cells (48, 177).

Activated macrophages can be divided into two categories: classically
activated or M1 macrophages, and alternatively activated, or M2 macrophages (178),

summarized in Figure 1.9.
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Figure 1.9: Macrophage activation.
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Classically activated macrophages are induced by TH1 cytokines such as
IFN-y and TNF-a, or signaling through Toll-Like Receptors (TLRs) by bacterial
Pathogen Associated Molecular Patterns (PAMPs). Alternatively activated
macrophages (AAMacs) are induced by the TH2 cytokines IL-4 and IL-13 (178,
179). They downregulate the classically activated macrophage maker iNOS, while
upregulating Arginasel, Yml and RELM-a (180), and these are now used as
AAMac markers.

AAMacs are recruited to sites of injury, and are proposed to have roles in
tissue repair (181) and suppression of tumour immunity (182). Their effector
function in immune responses appears to be to expel parasitic infections, and
AAMacs are induced in B. malayi, S. mansoni, N. brasiliensis and H. polygyrus
infection (178). In a secondary challenge H. polygyrus infection, AAMacs
accumulate around the L4 larvae in the intestinal wall, and pre-depletion of
macrophages prevented immunity to a challenge infection (183) indicating their
importance in anti-parasite TH2 effector functions. In filarial infection of mice,
AAMacs are induced at the site of infection, are highly suppressive and can induce
TH2 differentiation by a partially TGF-f-dependent pathway (184). Mice which lack
the IL-4R specifically on macrophages cannot produce AAMacs and succumb to
acute schistosomiasis due to a lack of immunoregulatory AAMacs around deposited
eggs (185).

Interestingly, it was recently shown that human Tregs can induce alternative
activation of macrophages in vitro, suggesting a link between Tregs and alternatively

activated macrophage induction (186).
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1.11. Infection models of filariasis

In order to investigate parasite-mediated Treg induction, in this project I used
a mouse model of B. malayi infection. Brugia infection has also been experimentally
modelled in cats (187), dogs (46), gerbils (188), mice (189), rats (190) rhesus
monkeys (191) and even humans (192). The mouse model is most often used in
immunological studies as the murine immune system is the best characterised, and
reagents for manipulating and assessing immune responses are more freely available
for mice than for other model systems (193). This model involves either injection of
L3 or Mf stage parasites, or surgical implant of adult worms. The major limitation of
the mouse model is that the full lifecycle cannot take place, and the parasites are not
tolerated indefinitely, in contrast to other animal models (e.g. gerbils, cats and dogs).
In the mouse, L3s injected s.c. or i.p. survive between 10 and 60 days, dependent on
the strain used (194). Mfs injected i.p. last around 28 days or injected i.v. will
circulate for 65 days (193). Adult worms implanted i.p. will survive for 90 days and
produce Mfs (193). The rejection of the parasite in mice is mediated by the adaptive
immune system as nude (athymic) or scid mice tolerate the entire B. malayi lifecycle
(193, 195). However, although parasite rejection does take place in
immunocompetent mice, a similar proliferative defect to that in jirds can be seen,
indicating that some suppressive mechanisms, possibly including Treg induction,
occur (48, 177). A wide range of cytokine gene targeted mice, as well as monoclonal
antibodies, have been used to manipulate B. malayi infection in the mouse model, as

shown in Table 1.3:
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Table 1.3: Immunological manipulations of the B. malayi mouse model

Modification | Background | Brugia Outcome Reference
stage used

IL-4 -/- BALB/c L3/Mfi.p. | Tolerance of all mammalian (196, 197)
lifecycle stages in the Rajan
laboratory, increased levels of
Mf only in the Devaney
laboratory

IL-4 -/- C57BL/6 Adults i.p. | Loss of proliferative defect in (177)
peritoneal lavage cells

IL-5 -/- C57BL/6 L3 ip. Higher worm burdens and (198)
decreased eosinophilia in
primary infection

IL-10 -/- C57BL/6 Adults i.p. | No change in proliferative (177)
defect

a-IL-10 BALB/c L3 s.c. Increased proliferation of Ag- (199)

treatment stimulated splenocytes

a-IL-10 CBA/Ca+ | Mfi.v. Mf cleared more rapidly than (200)

treatment C57/BL6 controls

IFN-y -/- BALB/c L3 ip. Increased tolerance of L3 at (196)
early timepoints

IgM -/- C57BL/6 L3 s.c. Decreased IL-5 and IL-10, (199)
increased IFN-y of Ag-
stimulated splenocytes

SCID C57BL/6 L3 ip. Tolerance of all mammalian (196)

lifecycle stages

Rejection of the parasite is dependent on neutrophil recruitment and requires

both the TH1 and TH2 arms of the immune system, as both IL-4 or IFN-y-deficient

mice have increased tolerance to B. malayi, similarly to L. sigmodontis (170). IL-4

has an intriguing role in B. malayi infection as loss of IL-4 leads to increased

tolerance, but also reduces the hypoproliferative defect, as both effects may be

dependent on TH2 response-induced AAMacs (177). Infections of mice with

different stages of the B. malayi lifecycle shows that infection with L3 larvae or

adults induces a TH2 response, with production of IL-4 in the draining LN, whereas

infections with Mf leads to production of the THI cytokine IFN-y (193).
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Interestingly, IL-4 is produced in the draining LN at early timepoints to L3 infection
by CD4CD8 double-negative CD3" cells, followed by IL-4 production by
conventional CD4" T cells at later timepoints (201). The early IL-4-producing cells
in L3 infection were later characterised as NK T cells (202), and this early IL-4
production may be important for initiating the TH2 response seen in filarial
infection.

Regulation of the response by IL-10 is also important, as anti-IL-10-treated
infected mice clear Mfs more quickly (200), and anti-IL-10-treatment in in vitro
restimulation cultures allows proliferation to live L3 larvae (203). B cells may be
involved in regulating the TH2 response as in IgM knock-outs (which have no B
cells), there is a decreased IL-5 and IL-10 response, and an increased IFN-y
response, indicating a switch to a TH1 phenotype (199).

Genetic differences between mouse strains may also have relevance to the
immune-mediated rejection of B. malayi from mice. The relative tolerance of various
mouse strains to intraperitoneal L3 B. malayi infection is shown in Table 1.4:

Table 1.4: Tolerance of mouse strains to B. malayi 1.3 larvae

Strain No of L3 i.p. Larvae at 2 weeks Reference
post-infection
AKR 100 3% (204)
BALB/c 100 6% (204)
BALB/cBylJ 50 40% (194)
C:H 100 0.5% (204)
C57BL/6J 50 <1% (194)
NZB/NIHJ 100 15% (204)
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There also appear to be differences in tolerance due to high or low dose rates,
as can be seen above with the data from different labs comparing 100 or 50 L3
infected 1.p. into BALB/c mice.

Therefore B. malayi infection of mice represents a non-tolerant model of
human filariasis, which may be very useful as both the regulatory and the effector
arms of the immune response can be studied with reference to individual stages of

parasite infection (193).

1.12. Project Hypothesis

I hypothesised that TGF- homologues may be expressed by many helminth
worms, and that these TGF-f3 homologues could be responsible for Treg induction in
helminth infection.

To investigate this, I used molecular methods to search for novel TGF-
homologues in the intestinal helminths H. contortus, H. polygyrus, N. brasiliensis
and 7. circumcincta. 1 also expressed the B. malayi TGF-f§ homologue, Bm-TGH-2,
in insect cells to assess its impact on the mammalian immune system. To investigate
Treg induction in filarial infection, I infected mice with L3 or adult B. malayi, and
assessed expression of Treg markers. We then used a range of interventions in this
model to investigate the mechanism of Treg induction and the specificity of the

Tregs induced.
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Chapter 2:
Materials and Methods
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2. Materials and Methods

All chemicals are from Sigma unless otherwise stated.

2.1. Parasite lifecycles
2.1.1 Brugia malayi lifecycle

Brugia malayi L3 larvae were taken from crushed infected Aedes aegypti
mosquitoes in Grace’s insect medium (Invitrogen) by allowing larvae to settle
through a metal filter, and separating from mosquito material manually with a
Pasteur pipette, with several washes into RPMI 1640 (Invitrogen). 50 L3 were
injected intraperitoneally using a 21-gauge needle. L3s were killed as controls by
heating to 65°C for 10 min. Adult B. malayi parasites were retrieved from the
peritoneal cavity of patently (infected 3-12 months previously) infected jirds. Adult
B. malayi were separated into groups of 4 females with 1 male. When dead adults
were required, parasites were frozen at -20°C overnight, then thawed at 37°C prior to
implantation. Adult parasites were then surgically implanted into the peritoneal
cavity, or controls were cut open, RPMI 1640 injected into the peritoneal cavity, and

stitched closed (sham surgery).

2.1.2. Heligmosomoides polygyrus lifecycle
The Heligmosomoides polygyrus and Nippostrongylus brasiliensis lifecycles
were maintained by Y. Harcus. L3 larvae of both parasites were obtained from

cultures of infected mouse or rat faeces respectively by Baermannisation (section

2.1.5).
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200 H. polygyrus L3 larvae were orally gavaged into CBA x C57BL/6 F1
mice, and adults obtained at day 14 post-infection by opening the intestines, picking
adults and washing into RPMI 1640 medium with 100 U/ml penicillin, 100 ug/ml
streptomycin, 2mM L-glutamine and 1 % glucose and cultured at approximately 50
worms/ml at 37°C. After 24 h, a sample of supernatant was taken and centrifuged at
1,500 g for 5 min to collect eggs. The adult worms were cultured for 21 days during
which time supernatants were collected every 3-4 days and replaced with fresh
media. At the end of the 21-day period supernatants were pooled and concentrated

over a 3,000 molecular weight filter to 0.5 mg/ml.

2.1.3 Nippostrongylus brasiliensis lifecycle

4000 N. brasiliensis L3 larvae were injected subcutaneously into SD strain
rats (Harlan). L4 larvae were dissected from the lungs and the gut 48 h post-
infection, and adult parasites were taken from the gut at day 6 post-infection by

Baermannisation (section 2.2.5) by Y. Harcus.

2.1.4 Haemonchus contortus and Teladorsagia circumcincta lifecycles
Haemonchus contortus and Teladorsagia circumcincta lifecycles were
maintained as described in Knox et al, 1990 (205), and were carried out by members
of the Knox group (Moredun Research Institute, Penicuik, UK). Briefly, infective
larvae (L3) were obtained by culturing the faeces of sheep harbouring experimental
infections, 21 days post-infection. L3 larvae were exsheathed in 8% sodium
hypochlorite solution and following four washes in 0.85% physiological saline at

38°C for up to 90 min. Fourth stage larvae and adult parasites were harvested 8 days
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and 21 days respectively after infecting worm-free sheep (7-12 months old)
with 50,000 L3 of either 7. circumcincta or H. contortus. Parasites were harvested
from the abomasa as described (205) and washed five times in PBS, then stored in

TRIzol reagent (Invitrogen) at -80°C, until ready for RNA extraction.

2.1.5. Baermannisation

To collect motile parasites from tissue or faeces, material was added to a
coarse nylon mesh in a funnel draining into a 15 ml tube, and immersed in Hanks
Buffered Salt Solution (Invitrogen). This Baermann apparatus was then incubated at

37°C for 2 h or until parasites were visible collected in the 15 ml tube.

2.2 Molecular techniques
2.2.1 RNA purification

Approximately 50 ul packed volume of parasites in 1 ml of TRIzol
(Invitrogen) were homogenised on ice using a glass homogeniser, and 200 ul
chloroform added. This mixture was incubated at room temperature for 2 min before
centrifugation at 12,000 g for 15 min at 4°C. The aqueous layer (approximately 200
ul) was then removed, added to 500 ul isopropanol, incubated at room temperature
for 10 min, and then centrifuged at 12,000 g for 10 min at 4°C. The RNA pellet was
then resuspended in 500 ul 70 % ethanol, pelleted again, the supernatant removed
and the pellet air-dried. The RNA was resuspended in 20 ul DEPC water. The DNA-
free kit (Ambion) was used to degrade any remaining DNA: 2 ul of DNAse with 2.4
ul DNAse buffer was added, and incubated at 37°C, 30 min. 5 ul of the DNA-free

kit’s DNAse inactivation reagent was then added, incubated at room temperature for
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2 min, spun down briefly, and supernatant recovered. The concentration of RNA in
this supernatant was determined by spectrophotometry at 260 nm using the

extinction coefficient for RNA: 25 ul/ug/cm.

2.2.2 Reverse Transcription

Reverse transcription was performed with 500 ng of RNA, 2 ul 10X reverse
transcriptase buffer, 2 ul 25 mM dNTP mix, 1 ul 50 U/ul MMLV reverse
transcriptase (Stratagene), 0.5 ul 40 U/ul RNAsin (Promega), 1 ul 0.4 ug/ml oligo
dT primer (Promega) and DEPC-treated water to 20 wl. The reaction was then

performed on a PCR block at 20°C for 10 min, 37°C for 60 min and 99°C for 5 min.

2.2.3 Conventional PCR

Polymerase Chain Reactions (PCRs) were performed on a MJ Research DNA
Engine under a variety of conditions. In general, cycles entailed denaturing at 94°C
for 1 min, annealing at 55-65°C for 1 min (depending on primers and product), and
extending at 72°C for 0.5-2 min (depending on length of product). Reaction mixes
were used with 0.2 ul 5 U/ul Taq (QIAGEN), 0.2 ul 25 mM dNTP mix, 2 ul 10 X
PCR buffer (QIAGEN), 1 ul forward and reverse primers (10 wm each), 1 ul

template (cDNA, colony pick or plasmid miniprep) and water to 20 ul.

2.2.45 and 3’ RACE
The 5 and 3° RACE (Rapid Amplification of Complementary DNA Ends)
techniques allow amplification of the ends of genes for which a fragment of

sequence is known. The 3’ terminus of the sequence is amplified by reverse
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transcribing RNA using an oligo-dT primer with an additional sequence at the 3° end
of poly-thymidine tract. This means that all cDNA created using this technique
contains a specific sequence after the poly-T tail.

To amplify the 5’ terminus of the sequence, it is first necessary to ligate a
second specific primer to the 5’ end of the RNA molecule prior to reverse
transcription. This is achieved by first dephosphorylating the RNA, then degrading
the 5’ cap structure of the mRNA molecule, which exposes a single free phosphate
group at the 5 end of the mRNA molecule. The 5° RACE primer is then ligated to
the only free phosphate group on the molecule, which is at the 5’ end of the gene.
Thus, when the mRNA molecule is reverse transcribed, resulting in “RACE-ready”
cDNA, specific primers are added to both the 5’ and 3° ends of the sequence,
allowing amplification of either end.

The Generacer core kit (Invitrogen) was used to carry out 5’ and 3’ RACE,
following the manufacturer’s protocols. Briefly, 5 ug RNA was dephosphorylated
using Calf Intestinal Phosphatase (CIP), phenol:chloroform precipitated, decapped
using Tobacco Acid Pyrophosphatase (TAP), again precipitated, and the GeneRacer
RNA oligo was ligated to the free 5’ phosphate group. The sequence of the oligo is
shown below:
5’-CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA-3’
The RNA was again precipitated, and reverse transcribed using the Superscript 111
RT kit (Invitrogen), and the Generacer oligo dT, with sequence shown below:
5’-GCTGTCAACGATACGCTACGTAACGGCATGACAGTG(T)4-3
The resulting cDNA was RNAse-treated. The RACE-ready cDNA was then used in

PCR with gene-specific and Generacer primers to amplify the 5’ and 3 ends.
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2.2.5 Cloning

PCR products were run on 1.5 % agarose ethidium bromide gels, and bands
excised under UV transillumination. Products were then purified using the QIAGEN
gel extraction kit, using the manufacturer’s protocols. Purified bands were read on a
Biophotometer spectrophotometer (Eppendorf) at 260 nm to determine their
concentration, using the extinction co-efficient for double-stranded DNA: 20
ul/ug/cm. Amplified DNA fragments were then ligated into the pGEM-T Easy
vector (Promega) (Figure 2.1), at a 3:1 molar ratio of insert:vector. This was
calculated using the following formula:
(ng vector X kb length of insert)/kb length of vector X 3 = ng insert

Insert and vector were added to ligation reactions with 1 ul 3 U/ul T4 ligase
(Promega), 5 ul 2X ligase buffer and water to 10 ul and incubated at 4°C overnight.
The 10 ul ligation reaction was then added to 50 ul heat-competent JM109 cells
(Promega) which were transformed by incubating on ice for 20 min, 42°C for 50 sec,
on ice 2 min, then 450 ul SOCS medium (Invitrogen) was added and incubated at
37°C for 1 h (to allow transformed plasmid to express the antibiotic resistance gene).
A 200 ul sample of the transformation mix was then spread on an LB agar plate
containing 50 ug/ml ampicillin (Sigma), and incubated at 37°C overnight. Single
colonies were picked into 20 ul SOCS medium, 1 ul of which was then used in a
colony screen PCR with vector primers to check for expected size of insert. The
remainder of the colony picks of selected clones were then seeded into 5 ml LB
medium with 50 ug/ml ampicillin, and placed in a 37°C shaking incubator overnight.

Cultures were pelleted at 2,500 g, 10 min, and plasmid DNA purified from the
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bacterial pellets using the QIAGEN miniprep kit, following manufacturer’s

protocols.
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Figure 2.1: pGEM-T Easy vector map
(http://www.promega.com/vectors/t vectors.htm)

2.2.6 Sequencing

Sequencing was carried out on a ABI3730 automated sequencer, using the
BIGDYE 3.0 reagent, with 2 ul BIGDYE 3.0 premix, 2 ul 5X buffer, 1 ul 20 ng/ul
vector primer and 1 ul of plasmid miniprep. Sequencing reactions were run at 95°C

for 30 sec, 50°C for 20 sec and 60°C for 4 min, for 25 cycles.

2.2.7 Sequence Analysis

Basic Local Alignment and Search Tool (BLAST) searches were used to find

similar sequences from all species, using the National Centre for Biotechnology
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Information (NCBI) service (www.ncbi.nlm.nih.gov/blast). Sequences were analysed

using the MacVector 9 program (MacVector Inc.), and sequences were aligned by

the ClustalW function of MacVector, then checked by eye and altered if necessary.

2.2.8 Quantitative Real-Time PCR

Real-time PCR was carried out with 1 ul of a 1 in 10 dilution of cDNA, with
5 wl Platinum SYBR green qPCR supermix (Invitrogen), 0.2 ul of forward and
reverse primers (10 uM), and water to 10 ul. Triplicate sample reactions were used.
Duplicates of a standard curve of doubling dilutions of a neat mixture of all samples
cDNA being assayed was used to find relative levels of expression. The reactions
were ran on a Chromo4 real-time PCR machine (Alpha Innotech). Samples to be
assayed for SYBR green fluorescence were denatured for 20 sec at 94°C, annealed
for 20 sec at 65°C and extended for 20 sec at 72°C for 50 cycles for actin (for all
species), 7. circumcincta p-tubulin, and TGH genes from H. polygyrus, N.
brasiliensis and T. circumcincta. For the H. contortus TGH, a similar protocol was
used, but annealing was carried out at the lower temperature of 55°C.

In all reactions a melting curve analysis was also carried out after the end of
the 50 amplification cycles, in which the PCR block was cooled to the annealing
temperature, read, then the temperature increased by 0.5°C and read again. This was
repeated until the temperature reached 94°C, and the fluorescence profiles allowed
determination of whether single or multiple products had been amplified (as a single
product denatures at a given temperature, and a second product denatures at another,
giving 2 peaks). Reaction products were also run on ethidium bromide gels to

confirm that a single product had been amplified.
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2.3 Bacterial protein expression
2.3.1 Cloning and expression of H. polygyrus Hp-TGH-2

Inserts were amplified using primers with overhanging Ndel and Xhol
restriction enzyme sites, using Pfu polymerase (Promega). Pfu polymerase reactions
were set up as described in section 2.2.2, but using Pfu polymerase and buffer
instead of Taq polymerase and buffer. The product amplified and a plasmid prep of
pET21b was digested using Ndel and Xhol (New England Biolabs) in buffer 2 (New
England Biolabs), at 37 °C for 4 h. The insert was then ligated into pET2I,
transformed in heat-competent BL21 (DE3) cells (Invitrogen) and sequenced as
described in section 2.2.5. Clones containing the correct sequence were then seeded
into LB medium containing 50 ug/ml ampicillin, in a 37°C shaking incubator. Once
the cultures reached an OD600 of 0.4-0.6 (indicating that the bacteria had entered the
exponential growth phase), 1 ug/ml IPTG was added, inducing expression of the
insert. After a further 3 h of culture, cultures were centrifuged at 10,000 g, 10 min.
Pellets were resuspended in 6-His Binding Buffer (162 mM Na,HPO4, 38 mM
NaH,POy4, 500 mM NaCl, 10 mM Imidazole, pH 7.4), and centrifuged at 16,000 g for
20 min. Supernatants were taken, and the pellet was resuspended in 6-His Binding
Buffer containing 8 M urea. The solution was again centrifuged, 16,000 g 20 min,
and the supernatant was taken. The 6-His-bearing protein was then purified from the
supernatant containing 8 M urea using an AKTAprime system (Amersham) with a
Ni*"-charged column and sodium phosphate washes, with elution in a rising
concentration of imidazole. Multiple fractions collected from AKTAprime were

tested for presence of protein by Bradford assay (section 2.3.2) and Coomassie
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staining (section 2.3.3). The fractions containing significant amounts of protein were

then pooled and dialysed against PBS.

2.3.2 SDS-PAGE gel analysis and Coomassie Staining

One part 4 x LDS sample buffer (Invitrogen) was added to 3 parts of the
sample in the presence of 20 mM f-mercaptoethanol (as a reducing agent), then
heated to 100°C for 10 min. Reduced samples and the SeeBlue Plus 2 marker
(Invitrogen) were then added to wells on a 4-12% Nu-PAGE gel, and run in MES
buffer (Invitrogen), at 200 V for 45 min. Gels were incubated overnight at 4°C in
Coomassie stain (0.025% Coomassie Brilliant Blue R250 (Amersham), 40%
methanol, 7% acetic acid), rocking, then destained in 40% methanol, 7% acetic acid,

for 2 h, rocking at room temperature.

2.3.3 Bradford Assay

190 ul of Coomassie Plus protein assay reagent (Pierce) was added to 10 ul
of samples and doubling dilutions of BSA standards in PBS (starting concentration
of 2 mg/ml). The samples were then read at 595 nm. The concentrations of the
samples were then calculated from the standard curve using the SoftMax Pro

program (Molecular Devices Corp).

2.3.4 Polyclonal Antibody Generation
To prepare recombinant protein for immunisation, it was mixed with an equal
volume of 9 % aluminum potassium sulfate (alum), and a drop of phenol red (Sigma)

was added (turning yellow in acidic solution). The solution was neutralised by
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adding 1 M sodium hydroxide until the solution became pink. The protein was then
allowed to precipitate for 30 min at room temperature, before washing 3 times in
phosphate buffered saline (PBS). The precipitated protein with alum was
resuspended in PBS, and 200 ug was injected subcutaneously into SD strain rats
(Harlan). Four weeks later, a challenge immunisation of 40 ug alum-precipitated
protein was administered, and this was repeated a week later. A further week after
the second challenge (6 weeks after first immunisation), blood was collected by
cardiac bleed from the rats.

The blood was allowed to clot at 4°C overnight, and the fluid phase was
centrifuged 12,000 g and serum collected. Serum was also collected from naive rats
as controls. The immunised rat serum was later IgG purified by adherence to a
protein G sepharose column on an AKTAprime instrument. Fractions eluted were
assessed for protein concentration by Bradford assay (section 2.3.3) and IgG purity
by SDS-PAGE and Coomassie Blue staining (section 2.3.2). Fractions containing
IgG were pooled and dialysed in 3,500 MWCO tubing (Spectrum Laboratories)
against PBS. The purified IgG was then concentrated using a 5 kDa cutoff spin
column (Sartorius), centrifuging at 2,500 g, and the final concentration determined

by Bradford assay (section 2.3.3).

2.3.5 Western Blots
Samples were run on 4-12% Nu-PAGE gels in MES buffer (Invitrogen) as
described in section 2.3.2, then blotted to nitrocellulose membrane (Bio-Rad) in a

semi-dry transfer system using transfer buffer (5% 20X transfer buffer (Invitrogen),

10% methanol), at 90 mA for 1 h. The membrane was blocked overnight in 10%
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(w/v) dried skimmed milk in TBS, at 4°C, rocking. Membranes were then probed
with either 1/2000 anti-6-His antibody in 6-His antibody blocking reagent
(QIAGEN), or with specific antisera, or control antibodies at dilutions specific to
each antibody, as described in the text. Anti-mouse IgG-HRP or anti-rat IlgG-HRP
(Cayman Chemicals) secondary antibodies at 1/1000 dilution in 5% (w/v) dried
skimmed milk in TBST (TBS with 0.05% Tween, 0.1% Triton-X) were then added,
and incubated rocking at room temperature for 1 h. Between each step the membrane
was washed 3 times in TBST. In the blot shown in chapter 3, membranes were
developed using Chemiglow reagent (Alpha Innotech), and photographed using a
FluorChem SP gel imager (Alpha Innotech). In all blots in chapter 4, the membrane
was developed using ECL reagent (Amersham) before being exposed to X-Ray film

(Amersham).

2.3.6 HES depletion

IgG purified rat antisera or naive rat IgG (Sigma) at 100 ug/ml was added to
10 ug/ml HES, and incubated at 37°C for 1 h. This was then incubated rotating at
4°C overnight with 50 ul packed protein G sepharose beads. The beads were then
pelleted by centrifuging at 12,000 g for 5 min at 4°C. The supernatant was then

applied to the MFB-F11 TGF-f bioassay (section 2.4.2).

2.4 TGF-P Bioassays
2.4.1 MLEC TGF-f Bioassay
The MLEC TGF-$ bioassay uses Mink Lung Epithelial Cells stably

transfected with a luciferase gene coupled to the Plasminogen Activator Inhibitor-1
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(PAI-1) promoter (a gene strongly upregulated by TGF- signalling) (82). MLEC
cells were grown in RPMI 1640 with 10 % FCS, 100 U/ul Penicillin, 100 pg/ml
Streptomycin and 2 mM L-Glutamine in T175 flasks until confluent, then detached
using 2 ml 0.05% Trypsin and 0.53 mM EDTA. They were then plated out on 96-
well white fluorometer plates at 1.6 x10" cells per well in 50 ul medium and allowed
to adhere for 4 h at 37°C. Samples in 50 ul medium were then added, and cells were
cultured at 37°C for 24 h. To assay the luciferase signal, 100 ul/well Bright-Glo
Luciferase Assay reagent (Promega) was added to all wells, incubated at room

temperature for 2 min to allow cells to lyse, then read on a LUMIstar luminometer

(BMG Biotechnologies).

2.4.2 MFB-F11 TGF-f Bioassay

The MFB-F11 bioassay uses 7gfbl-/- mouse fibroblasts which have been
stably transfected with a plasmid containing a secreted alkaline phosphatase reporter
gene coupled to a Smad-binding element promoter (SBE-SEAP) (courtesy of Tony
Wyss-Coray, Stanford University School of Medicine) (206). Cells were allowed to
adhere to 96-well tissue culture plates at 4 x 10* cells/well in 50 ul DMEM with 10
% FCS, 100 U/ml penicillin, 100 ug/ml streptomycin, 2mM L-glutamine and 15
ug/ml hygromycin B (Invitrogen), at 37°C for 4 h. Plates were then centrifuged at
1,200 g, 5 min, and washed in warm PBS. Samples in 50 ul DMEM without serum
was then added to all wells, and incubated at 37°C overnight, after which 10 ul
samples of culture supernatant were collected into white 96-well luminometer plates

(BMG Biotechnologies). These samples were assayed using the SEAP detection kit
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(Clontech) (following manufacturers protocols) and read on a LUMlIstar

luminometer (BMG Biotechnologies).

2.5 Treg induction assay

Spleen cells from naive mice were harvested through a nylon strainer, then
centrifuged at 1,200 g, 5 min. The pelleted cells were then red blood cell lysed in 5
ml red blood cell lysis buffer (Sigma) for 5 min at room temperature. Splenocytes
were counted on a haemocytometer, and plated out in RPMI 1640 with 10% Fetal
Calf Serum (Invitrogen), 100 U/ml penicillin, 100 ug/ml streptomycin and 2 mM L-
glutamine in a 96-well plate, in the presence of 2 ug/ml ConA, and recombinant
human TGF-f (R&D Systems) or parasite products as indicated. The cells were then
cultured at 37°C in 5 % CO; for 72 h, and then stained for flow cytometric staining

of CD4, CD25 and Foxp3, as described in section 2.8.1.

2.6 Insect Cell Protein Expression
2.6.1 Insect Cell Culture

The insect cell line SF9 (Invitrogen) was used for amplification of the
recombinant virus. The SF21 cell line (donated by A. Alcami, Cambridge
University) was used for plaque assays and protein expression. The Hi5 cell line
(Invitrogen) was used for attempted expression of the recombinant proteins. Both
SF9 and SF21 were derived from the Fall armyworm Spodoptera frugiperda, and
Hi5 cell line was derived from the cabbage looper Trichopulsia ni. All lines were
grown at 27°C, either in monolayers or in stirrer flasks. SF9 cells were grown in

serum-free Ex-cell 420 media (JRH Bioscience), SF21 cells were grown in TC100
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media (Gibco-BRC) containing 10% FCS and Hi5 cells were grown in serum-free
Express Five media (Invitrogen). All insect cell media contained 100 U/ml penicillin,

100 wg/ml streptomycin and 2 mM L-glutamine.

2.6.2 Preparation of recombinant baculovirus

All TGF- homologues were cloned into the pBAC-1 vector (Novagen)
(Figure 2.2), and used together with the BacPAK6 viral genome (Clontech) to
transfect a SF21 cell monolayer using Bacfectin. This allows homologous
recombination between the linearised BacPAK6 viral genome and the engineered
pBAC-1 vector, resulting in viable virus expressing the insert gene. Recombinant
viruses were then purified by plaque purification (see section 2.6.4) and expression

of the relevant homologue tested by Western blotting (see section 2.3.5).
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Figure 2.2: pBAC-1 vector map
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2.6.3 Amplification of Recombinant Baculovirus

Virus was amplified by infection at a 3:1 virus:cell ratio into SF9 cells in a
monolayer until complete cytopathic effect, as judged by a loss of adherence in
culture, usually occurring after around 3 days. Media containing virus was then
removed, and subjected to centrifugation at 1,200 g, for 5 min in order to pellet dead

cells. The supernatant was aspirated off and the virus titre calculated by plaque assay

(section 2.6.4)

2.6.4 Plaque assay

Virus, at a range of 10-fold dilutions, were infected into monolayers of SF21
cells in 6-well tissue-culture plates, and each well overlaid with 3 ml 3% Seaplaque
agarose (Cambrex). The agarose was then overlaid with 2 ml complete TC100
media, and plates were incubated for 4 days at 27°C. The media was removed and
1.5 ml/well 1:13 neutral red (Sigma):PBS solution was overlaid, allowed to diffuse
into the agarose and aspirated off. The plate was stored overnight in the dark at room
temperature to allow plaques to develop. The visible plaques could thus be counted

to give viral titre, or individual plaques picked using a sterile glass pipette.

2.6.5 Insect cell protein expression

Expression of recombinant protein was carried out using SF21 cells, either in
24-well plates in monolayers or in 1,000 ml stirrer flasks (Techne). TGF-3
homologue recombinant virus was added at 10 pfu/cell and furin virus added at 20
pfu/cell. Supernatants from small-scale trial expressions were run on Western blots

(section 2.3.5). Supernatants from large-scale expressions were dialysed against at
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least a 10-fold volume of His binding buffer (162 mM Na,HPOy4, 38 mM NaH,POy,
500 mM NaCl, 10 mM Imidazole, pH 7.4). The 6-His-bearing protein was then
purified from the supernatant containing 8 M urea using an AKTAprime system
(Amersham) with a Ni*"-charged column and sodium phosphate washes, and eluted
in a rising concentration of imidazole. Multiple fractions collected from AKTAprime
were tested for presence of protein by Bradford assay (section 2.3.3) and Coomassie
Blue staining (section 2.3.2). The fractions containing significant amounts of protein

were then pooled and dialysed against PBS.

2.6.6 Mass spectrometry

Bands were excised from Coomassie Blue-stained gels and sent to the
SIRCAMS service (University of Edinburgh) for matrix-assisted laser
desorption/ionization (MALDI) Mass Spectrometry analysis. Peptide fragment sizes
predicted by the analysis were entered into the ProteinProspector MS-Fit tool

(http://prospector.ucsf.edu), and searched against the nonredundant (nr) sequence

database in NCBI, to give predicted peptides and blast hits of B. malayi genes.

2.7 Animal Models
2.7.1 Animals

BALB/c, C57BL/6, CBA, DO11.10, OT-II, CD4-trophic TGF-BRII dominant
negative (C57BL/6 background), and IL-4R™ (BALB/c background) mice, 6-10
weeks old, were bred and housed according to Home Office guidelines. Male adult
jirds (Meriones unguiculatus) carrying a patent Brugia malayi infection were used

as a source of adult worms and microfilariae (Mf).
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2.7.2 Preparations of Single-Cell Suspensions from Mice

At indicated time points, mice were sacrificed using terminal anaesthesia and
bled out. Ice-cold RPMI 1640 with 10% Fetal Calf Serum (Invitrogen) was then used
to recover peritoneal cells by lavage (Peritoneal Lavage: PL). Samples of the
peritoneal lavage taken directly ex vivo were analysed by flow cytometric staining.
The remaining cells were then incubated on tissue-culture grade plastic plates for 1-3
h at 37 °C to allow macrophages to adhere. Non-adherent cells were then removed
and stained for flow cytometry, and in some experiments the adherent macrophages
were detached by addition of 5 ml 1X PBS, 0.18g/L glucose and 3mM EDTA, and
incubation at 37°C for 15 min. The macrophages were then used in the EL-4
suppression assay (section 2.8.7). Where appropriate, L3 larvae recovered from the
peritoneum were also counted at this point.

Spleens and mediastinal lymph nodes were also taken in some experiments,
and single cell suspensions prepared through nylon filters; splenocyte suspensions
were red blood cell lysed (using red blood cell lysis buffer, Sigma) and stained for
flow cytometric analysis, or restimulated with B. malayi adult homogenate for 72 h

at 37°C. Supernatants were then taken and used in cytokine ELISA.

2.8 Immunological Techniques
2.8.1 Flow cytometry

Samples of 2 x 10° to 2 x10° cells were used for flow cytometric staining,
depending on the frequency of the populations examined. Prior to flow cytometric
staining 40 ul 100 ug/ml purified naive rat IgG (Sigma) in FACS buffer (PBS with

0.5 % Bovine serum albumin and 0.05 % sodium azide) was added to all samples to
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block Fc receptors. Cells were then washed in 200 ul FACS buffer before
extracellular staining was carried out.
The following antibodies and reagents were used for flow cytometric staining:

- FITC-conjugated a-GR1 (RB6-8C5) (BD Pharmingen), use at 1/25

- PE-conjugated a-SIGLEC-F (E50-2440) (BD Pharmingen), use at 1/100

- Biotinylated a-F4/80 (BMS8) (Biolegend), use at 1/100

- APC conjugated a-CD4 (RM4-5) (BD Pharmingen), use at 1/100

- PerCP conjugated a-CD4 (RM4-5) (BD Pharmingen), use at 1/100

- APC-Cy7 conjugated a-CD4 (RM4-5) (Ebioscience), use at 1/100

- AlexaFluor 700 a-CD4 (GK1.5) (Biolegend), use at 1/100

- Biotinylated a-CD25 (7D4) (BD Pharmingen), use at 1/25

- FITC conjugated a-CD25 (7D4) (BD Pharmingen), use at 1/50

- PE conjugated a-CD25 (7D4) (BD Pharmingen), use at 1/50

- FITC conjugated a-CD103 (M290) (BD Pharmingen), use at 1/25

- Biotinylated a-CD103 (M290) (BD Pharmingen), use at 1/50

- PE conjugated a-CTLA-4 (UC10-4F10-11) (BD Pharmingen), use at 1/10

- FITC, PE or APC conjugated a-Foxp3 (FJK-16s) (Ebioscience), use at 1/50

- FITC conjugated a-GITR (DTA-1) (made in-house), use at 1/250

- APC-conjugated a-IL-4 (11B11) (BD Pharmingen), use at 1/25

- PE conjugated a-IL-10 (JES5-16E3) (BD Pharmingen), use at 1/25

- FITC conjugated a-IFN-y (XMG1.2) (BD Pharmingen), use at 1/25

- PerCP or APC conjugated streptavidin (Biolegend), use at 1/200

When intracellular cytokines were measured, the cells were first stimulated

for 6 h at 37°C, in the presence of PMA (50 ng/ml), Ionomycin (1 ug/ml) and
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Brefeldin A (Sigma) (20 ug/ml). They were then stained for surface markers, and
permeabilised for 20 min at 4°C in BD Pharmingen Fix/Perm. Intracellular cytokines
were stained in BD Pharmingen Perm/Wash.

To stain for Foxp3 and intracellular CTLA-4, cells were first stained for
extracellular markers, then permeabilised for between 30 min and 16 h (as advised in
the manufacturers protocols — no differences in staining were apparent in this range
of permeabilisation times) using the Ebioscience Foxp3 staining kit. Foxp3 and
CTLA-4 were stained in 1X Ebioscience Permeabilisation buffer.

Relevant isotype controls were used on all samples. Samples were acquired
on a BD Biosciences LSR II flow cytometer and analysed using FlowJo software

(Tree Star).

2.8.2 CD4°CD25" Suppression Assay

CD4" cells were isolated from naive mouse spleens and peritoneal lavage
cells from L3 B. malayi—infected mice (15 mice pooled), using magnetic bead
isolation on MACS columns (Miltenyi Biotech), as per the manufacturer’s
instructions. CD4" splenocytes were also collected, irradiated (30 Gy) to prevent
proliferation, and used as APCs in suppression assays. CD4" MACS-purified
splenocytes and PL cells were stained with Alexa Fluor 700-conjugated anti-CD4
and PE-conjugated anti-CD25. They were then separated on CD4'CD25" and
CD4'CD25" cells using a BD Biosciences FACSAria. CD4'CD25 naive splenocytes
or infected peritoneal lavage cells were then stained with 5 uM CFSE for 5 min, and

washed into media. Suppression assay cultures were set up with 5 x 10* CD4"CD25"
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splenocytes (responders), 5 x 10* CD4"CD25" cells and 2 x 10> APCs in 96-well

round-bottom plates in the presence of 0.1 ug/ml anti-CD3 at 37°C for 4 days.

2.8.3 Adoptive Transfer

Splenocytes were prepared from DO11.10 mice and 5 x 10° cells injected i.p.
into groups of BALB/c male mice. The following day mice were infected as before
with either L3 larvae or adult B. malayi, and a further day later 5 x 10° mature
pOVA-loaded Bone Marrow-derived Dendritic Cells (BMDCs) were injected i.p.,

then mice were sacrificed 6 days later and PL taken.

2.8.4 BMDC culture

Bone marrow cells were obtained from femurs and tibias of BALB/c mice by
flushing the bones with RPMI containing 10% FCS/1% penicillin-streptomycin/1%
L-glutamine. Cells were centrifuged and plated out in non-tissue culture Petri dishes
at a density of 5 x 10°/ml in complete RPMI, supplemented with 20 ng/ml GM-CSF.
Fresh medium was added 3, 6 and 8 days after the start of culture. After 10 days at
37°C, the cells were washed off into complete media containing 5 ng/ml GM-CSF
(Peprotech), 100 ng/ml LPS (Sigma) and 100 ug/ml peptide OVA (323-339), and

incubated overnight. Cells were then washed into PBS before injection.

2.8.5 Anti-TGF-$ administration
Where blocking antibodies for TGF-f were used, anti-TGF-f3 was grown in-

house (clone 1DI1), and 100 ug/mouse antibody in PBS was injected
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intraperitoneally on days -1, 1 3 and 5 from infection. Controls of rat IgG (Sigma)

were used, as mentioned in chapter 6.

2.8.6 ALK-5 Inhibitor

It was attempted to block ALK-5 signaling using the specific inhibitor SB-
525334 (Tocris bioscience). Each mouse was injected with 200 ug of SB-525334 in
1:1 PBS:DMSO, or PBS/DMSO vehicle alone either intraperitoneally or
subcutaneously 30 min prior to infection, and 2, 4 and 6 days after infection with B.

malayi.

2.8.7 Macrophage Suppression Assay

Adherent cells from the PL. were prepared as described in section 2.7.2 and 1
x 10° cells were cultured with 1 x 10* EL-4 cells in RPMI 1640 containing 10 % FCS
for 48 h, then pulsed overnight with 1 pCi/well methyl->H-thymidine. Proliferation

was measured on a 1450 Microbeta scintillation counter (Trilux).

2.8.8 Cytokine ELISA

Ab pairs used for cytokine ELISAs were: IL-4 (11B11 for capture (grown in-
house), BVD6-24G2 for detection), IL-5 (TRFKS5 for capture, TRFK4 for detection),
IL-10 (JES5-2A5 for capture, SXC-1 for detection), IFN-y (R4-6A2 for capture
(grown in-house), XMG1.2 for detection), IL-13 (38213 for capture (grown in-
house), polyclonal rabbit anti-IL-13 (Preprotech) for detection). All antibodies were
from BD Biosciences unless otherwise indicated. Capture antibodies were coated

onto Maxisorp Immunoplates (NUNC) in carbonate buffer (0.1 M Na,COs, 0.1 M
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NaHCO;3;, pH 9.6) at 4°C overnight, then blocked in 10 % FCS in Tris-Buffered
Saline with 0.05% Tween 20 (TBST) at 37°C for 2 h. Samples and standards were
then added (40 wl/well), and incubated at 4°C overnight. In some experiments,
supernatants were then transferred to a second set of plates to allow quantification of
other cytokines using the same supernatants. Secondary antibodies were then added
in TBST with 10 % FCS, and incubated at 37°C for 1 h. Extravidin conjugates were
then added in TBST with 10 % FCS, and incubated at 37°C for 1 h. Detection
reagents were finally added, the plates were allowed to develop at room temperature
in the dark, and read at 450 nm. Plates were washed between each step 5 times in
TBST, and washed twice in water before addition of the detection reagents.
Recombinant murine IL-4, IFN-, IL-10, IL-13 and IL-5 (Sigma-Aldrich) were
used as cytokine standards. Biotin detection Abs were used with ExtrAvidin-alkaline
phosphatase conjugate (Sigma) and Sigma FastTM p-nitrophenyl phosphate
substrate, except in the IL-13 ELISA, where extravidin-horseradish peroxidase

(Sigma) and ABTS peroxidase substrate (KPL) was used.

2.9. Statistical analyses

Statistical analyses were carried out using Prism 4.0b (Graphpad Software
Inc.). Where 2 groups were analysed, Student’s t test was used. Where groups of 3 or
more were analysed, One-Way ANOVA was used with a Bonferroni’s multiple
comparison test. In both cases if variances differed significantly, data was log-
transformed to normalise. If the data could not be normalised, non parametric tests
were used: Mann-Whitney test for 2 groups, and Kruskal-Wallis with a Dunn’s post

test for groups of 3 or more.
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Chapter 3:
TGF-p Homologues

from parasites
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3. TGF-$ Homologues from parasites

TGF-f homologues have already been found in many nematodes such as
Caenorhabditis elegans (95), Brugia malayi (74, 96), Ancylostoma caninum (76) and
Schistosoma mansoni (78). Molecular techniques were used to search for TGF-f3
homologues in the intestinal parasitic nematodes Haemonchus contortus,
Heligmosomoides polygyrus, Nippostrongylus brasiliensis and Teladorsagia
circumcincta.

The A. caninum TGF- homologue Ac-TGH-2 was used as a starting point in
homology searches, as A. caninum 1is an intestinal parasitic nematode, with a
lifecycle similar to those of H. contortus, H. polygyrus, N. brasiliensis and T.
circumcincta. A. caninum is a hookworm parasite of dogs, H. contortus and T.
circumcincta are hookworms of sheep, H. polygyrus is a mouse intestinal parasite
and N. brasiliensis is a hookworm parasite of rats.

The H. contortus, H. polygyrus and T. circumcincta are transmitted via the
faecal/oral route, with L3 larvae infecting orally, developing to L4 larvae in the
stomach of mice or the abomasum of sheep (the fourth stomach), where they
penetrate the gut wall and develop to sexual adults, which emerge into the lumen of
the gut, and deposit eggs in faeces. The N. brasiliensis lifecycle is slightly different
as it infects via the skin, and migrates through the tissues to the lungs where it is
coughed up and swallowed, developing to sexual adults in the lumen of the gut, also

depositing eggs in the faeces.
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3.1. Degenerate primer design

A TGF-f homologue was previously identified in 4. caninum, Ac-TGH-2
(sometimes known as Ac-DAF-7). The Ac-TGH-2 sequence was used to search H.
contortus genomic contigs on the Sanger website

(http://www.sanger.ac.uk/Projects/H_contortus). The most significant hit was

contig016772, which covered part of the conserved domain of Ac-TGH-2, as shown
in Figure 3.1. An alignment of nematode TGF-f amino acid sequences was made,
and degenerate primers were designed for regions which were best conserved and
had lowest degeneracy (Figure 3.2). Where sequences could not be made to match all
homologues, they were preferentially matched with that of H. contortus
contig016722 and A. caninum Ac-TGH-2. The primer sequences are shown in Table
3.1 (Y=C/T,R=A/G and N = A/C/G/T):

Table 3.1: Degenerate Primers

Primer name Nucleotide sequence Amino acid Degeneracy
sequence encoded
RMM_TGF_for1 5-TGYATGCCNGARGAYAARGARCC-3 CMPEDKEP 128-fold
RMM_TGF_for2 5-GTNGAYTTYCARCARATNGGNTGG-3’ VDFQQ(I/M)GW 512-fold
RMM_TGF_rev1 5-RTAYTCNGCNGGRTGRCARCACAT-3 MCCHPAEY 512-fold
RMM_TGF_rev2 5-RTTRTCNGCRTTCATRTADATCAT-3’ MIYMNADN 64-fold

Combinations of these degenerate primers were used in PCRs with H.

polygyrus, N. brasiliensis and T. circumcincta adult cDNA, and products (shown in
Figure 3.3) were excised from gels and sequenced. A single 200 bp band was
amplified from H. polygyrus cDNA using RMM TGF forl and RMM TGF revl

(Figure 3.3A), which showed significant similarity to Ac-TGH-2 by BLASTx
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(searching a protein database using a translated nucleotide sequence). Bands at 400
bp and 250 bp were amplified from N. brasiliensis cDNA using RMM_TGF _forl
and RMM_TGF revl (Figure 3.3B), of which the 400 bp band showed significant
similarity to Ac-TGH-2, but contained putative introns. Bands at 200 bp and 300 bp
were amplified from 7. circumcincta c¢cDNA wusing RMM_ TGF for2 and
RMM TGF revl (Figure 3.3C), of which the 300 bp band showed significant
similarity to Ac-TGH-2, however also contained putative introns. All sequences
amplified are shown in Figure 3.4. Putative introns were removed from the
sequences of N. brasiliensis and T. circumcincta to construct TGF-f homologue
coding sequence fragments. Introns were identified by regions dissimilar to the Ac-
TGH-2 coding sequence which contained in-frame stop codons (Figure 3.4). As
intronic regions could only originate from genomic DNA, the N. brasiliensis and T.
circumcincta cDNA must have been contaminated with genomic DNA. Therefore
new cDNA was made for both parasites, with DNAse treatment prior to RT-PCR.
Subsequent sequences did not amplify intronic DNA.

Non-degenerate primers were designed to the sequences amplified for H.
polygyrus, N. brasiliensis and T. circumcincta, and from contig016772 of H.
contortus. Primers were designed in both directions in each region for some genes to

allow nested PCRs to be carried out. Primer sequences are shown in table 3.2:
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Table 3.2: Non-degenerate primers

Primer

Forward primer

Reverse primer

H. contortus TGF 5’

5-ATGTTCATGTCGGTTACGCTGG-3’

None

H. contortus TGF 3’

None

5-CTCAGCAGGGTGACAGCACATTC-3’

H. polygyrus TGF 5’

5-CCCGGATGTTGCCTCTACGAC-3’

5-GTCGTAGAGGCAACATCCGGG-3’

H. polygyrus TGF 3’

5-GACGCAACTGGAAATCAGGGG-3

5-CCCCTGATTTCCAGTTGCGTC-3

N. brasiliensis TGF 5’

5-GGTTGCTGTCTCTACGATCTC-3

5-GAGATCGTAGAGACAGCAACC-3

N. brasiliensis TGF 3’

5-GACGCAACGGGTAACCAAGGG-3’

5-CCCTTGGTTACCCGTTGCGTC-3’

T. circumcincta TGF 5’

5-GGGTGATTGTTCTGTGAATCAC-3’

5-GTGATTCACAGAACAATCACCC-3’

T. circumcincta TGF 3’

None

5-TCAAGAGCATGTACATTTACGG-3

3.2. Full sequence of TGF-§ homologues

Rapid Amplification of Complementary DNA Ends (RACE) was used to find
the 5° and 3’ ends of the sequences. RACE-ready cDNA was made using the
Invitrogen Generacer Core kit from adult parasites of all 4 species. The products of
5’ RACE are shown in Figure 3.5, and the 3° RACE products shown in Figure 3.6.
The H. contortus and T. circumcincta 5’ and 3’ RACE products were amplified by
conventional PCR, while the H. polygyrus and N. brasiliensis 5° and 3° RACE
products were amplified by nested PCR, using first the Generacer primer and the
gene-specific primer, followed by the Generacer nested primer and the nested gene-
specific primer. Alignments were made of the full nucleotide (Figure 3.7) and amino
acid (Figure 3.8) sequences with other TGF-f3 family members. The novel TGF-3
homologues were named after their similarity to Ac-TGH-2 as Hc-TGH-2 (H.
contortus TGF-f Homologue), Hp-TGH-2 (H. polygyrus TGF-§ Homologue), Nb-
TGH-2 (N. brasiliensis TGF-f§ Homologue) and Tc-TGH-2 (7. circumcincta TGF-f

Homologue).
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The sequences of Hp-TGH-2 and Nb-TGH-2 were amplified independently
multiple times from RACE-ready cDNA as they are truncated at the 5’ end compared
to Ac-TGH-2 (see Figures 3.7 and 3.8). They were also amplified from Expressed
Sequence Tag (EST) libraries (courtesy of Y. Harcus), and Hp-TGH-2 was also
amplified using a spliced-leader PCR, with a gene-specific reverse and spliced leader
forward primer, with the same sequence being found each time (data not shown).
The SmInAct gene is also truncated at the 5’ end, as can be seen in Figure 3.7 and
3.8, so this is not a feature confined to the H. polygyrus and N. brasiliensis TGF-f

homologues.

3.3. Signal peptide identification

Part of the characteristic TGF-f structure is a signal peptide at the N-
terminus, however when the novel TGF- homologues were entered into the SignalP
web-based signal peptide prediction program
(http://www.cbs.dtu.dk/services/SignalP/), signal peptides were predicted for A.
caninum (Ac-TGH-2) and Hc-TGH-2, however neither S. mansoni SmInAct nor any
of the other novel TGF-fs had predicted signal peptides. The predictions are shown

in Table 3.3:
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Table 3.3: Signal peptide predictions

Gene Signal peptide prediction Cleavage site
Human TGF-31 0.999 — Signal peptide 29-30 AG-LS
Ac-TGH-2 0.986 - Signal peptide 23-24 AL-FL
SminAct 0.000 — No signal peptide None
Hc-TGH-2 0.986 — Signal peptide 23-24 VHT-HN
Hp-TGH-2 0.000 — No signal peptide None
Nb-TGH-2 0.000 — No signal peptide None
Tc-TGH-2 0.001 — No signal peptide None

3.4. Phylogenetic analysis of TGF-$ homologues

The conserved domain of a range of human and nematode TGF-f family
members were aligned (Figure 3.9). From the conserved region alignment, a
phylogenetic tree (Figure 3.10) was constructed. As expected, Ac-TGH-2, along with
the novel TGF-f homologues identified here aligned closely in a single group, with
significant bootstrap values, forming an intestinal parasite TGF-f homologue family.
Their relatedness to the rest of the TGF-f family was more difficult to quantify, as
the nematode homologues appear to be only distantly related to the human TGF-3

family.

3.5. Real-time PCR analysis

To assess the expression profile of the novel TGF-f3 homologues, cDNA was
prepared from different lifecycle stages of each parasite. For H. contortus and T.
circumcincta, we were supplied with L3 larvae that were either infective, or had been

exsheathed, mimicking entry of the L3 larvae into the host. We were also supplied
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with L4 larvae obtained from the abomasal wall, and adults from the gut. All A.
contortus and T. circumcincta material was supplied by D. Knox, Moredun. Y.
Harcus supplied cDNA from N. brasiliensis infective L3 larvae, L4 larvae taken
from the lung, L4 larvae taken from the gut, and adults. H. polygyrus L3, adults and
eggs were prepared in the laboratory. An RT-PCR reaction was carried out to make
cDNA from all RNA. Real-time PCRs were then carried out on actin from all
parasites and p-tubulin from 7. circumcincta only, as housekeeping genes to
normalise the levels of transcription. Regions of each of the parasite TGF-f3
homologues were also amplified to assess levels of transcription by real-time PCR.

Primers used for real-time PCR are shown in table 3.5:
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Table 3.5: Real-time PCR primers

Transcript Forward primer (binding site) Reverse primer Product
size

Actin 5-TGAGCACGGTATCGTCACCAAC-3' | 5-TTGAAGGTCTCGAACATGATCTG-3' | 171 bp

(all species) (216-237) (386-364)

T. circumcincta | 5-TTCCATTCCCTCGTCTTCAC-3’ 5-AGCCATTTTCAATCCACGAG-3 320 bp

B-tubulin (773-792) (1092-1073)

H. contortus 5-ATGTTCATGTCGGTTACGCTGG-3’' | 5-CTCAGCAGGGTGACAGCACATTC-3’ | 445bp

Hc-TGH-2 (652-673) (954-932)

H. polygyrus 5-CCCGGATGTTGCCTCTACGAC-3 5-CCCCTGATTTCCAGTTGCGTC-3’ 201 bp

Hp-TGH-2 (589-609) (789-769)

N. brasiliensis 5-GGTTGCTGTCTCTACGATCTC-3 5-CCCTTGGTTACCCGTTGCGTC-3’ 195 bp

Nb-TGH-2 (193-213) (387-367)

T. circumcincta | 5-GGGTGATTGTTCTGTGAATCAC-3" | 5-TCAAGAGCATGTACATTTACGG-3 220 bp

Tc-TGH-2

(699-720)

(918-897)

The levels of TGF-f3 homologue transcription were then divided by levels of actin or
B-tubulin transcription to find the levels of transcription relative to housekeeping
genes (Figure 3.11). As the T. circumcincta real-time PCR shows, normalisation by
actin or P-tubulin gave similar results (Figure 3.11 D and E). p-tubulin is used
routinely as a housekeeping gene in the Knox group, as its transcription is stable
through all lifecycle stages (D. Knox personal communication). As actin gave similar
results to B-tubulin in 7. circumcincta, we can presume that f-actin is a good
housekeeping gene to use in intestinal parasites.

In H. contortus, H. polygyrus and N. brasiliensis, transcription of the TGF-f

homologues is highest in the L3 larvae stage, prior to the larvae entering the host. In
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these parasites, the transcription is also lowest in the adult stage, when the parasites
are in the lumen of the gut, external to the host. Interestingly, this trend is reversed in
T. circumcincta, where transcription is highest in the adult stage, and lowest in the

L3 stage and L4 stages (when the parasite is migrating through the tissue).
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Figure 3.1: H. contortus contig016772 aligned with Ac-TGH-2

Part of the Ac-TGH-2 nucleotide sequence (600-1200) aligned with H. contortus genomic
contig016772. The protease cleavage site is indicated by a blue box, conserved cysteines are
indicated by yellow boxes, and the Ac-TGH-2 stop codon is indicated by a red box.
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Figure 3.2: Degenerate primers aligned with known TGF-$ homologues

Alignment of the active domain of TGF-f§ family members from C. elegans (Ce-DAF-7), B.
malayi (Bm-TGH-2), A. caninum (Ac-TGH-2), and contig016772 from H. contortus (Hc TGF
frag), and the amino acid sequences coded by the degenerate primers designed (RMM
FOR/REV 1/2)
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A. H. polygyrus

B. N brasiliensis C. T. circumcincta

600 bp !

400 bp —
300 bp

Figure 3.3: Degenerate PCR products

Ethidium bromide gels (1.5% agarose) of degenerate PCR products amplified from H.
polygyrus (A), N. brasiliensis (B) and T. circumcincta (C). Arrows indicate sequenced bands.
(Composite images)
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Figure 3.4: Alignment of denegerate PCR products with Ac-TGH-2

Fragment of Ac-TGH-2 coding sequence (777-1203) aligned with fragments amplified by
degenerate PCR from H. polygyrus, N. brasiliensis and T. circumcincta cDNA. Red boxes
indicate putative intronic regions, yellow boxes indicate in-frame stop codons.
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H. contortus H. polygyrus
800 bp —
600 bp —

800 bp —
600 bp —

C. N. brasiliensis D. T. circumcincta

800 bp — «—
600 bp —

600 bp —

400 bp —
300 bp —

Figure 3.5: Products of 5> RACE
5" RACE products of TGF-f3 homologues from H. contortus (A), H. polygyrus (B), N.

brasiliensis (C) and T. circumcincta (D), run on 1.5 % agarose ethidium bromide gels. Arrows
indicate bands sequenced. (Composite images)
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A. H. contortus B. H. polygyrus

1500 bp 1500 bp —
1200 b
P 1000 bp—
600 bp 600 bp —
C. N. brasiliensis D. T. circumcincta
1500 bp 1500 bp —
1000 bp 1000 bp
600 bp 600 bp —

Figure 3.6: Products of 3’ RACE
3’ RACE of TGF-f homologues from H. contortus (A), H. polygyrus (B), N. brasiliensis (C) and T.

circumcincta (D), run on 1.5 % agarose ethidium bromide gels. Arrows indicate bands sequenced.
(Composite images)
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Ac-TGH-2 G C|T|CGA|TTTCC|C|GTC TC G|A|T|G|A C|C|A C|A|A T A|CGGAAAG C A GTGTATTTGI_IIACG G|G A A G|C G|C|T|A] - G A|G|C C|G|G A A A|C T|G T|A G|A G|
H. contortus GCACGGTTTCCGGTCTCCTCACCACCATGG A|CGGAAAG ACACGTGTATTTGCACTCGACGAACCG - G A[A|C C|A CJA|G G| G T|G|A A G|
H. polygyrus GC|TICGIGITTTCC|C[GTCTCGCTCAC|GACIA|A T G G T|G|C G|C|A A|G|G T|C| GIC A[C|G T|C[TA T|C[T|C[CA|T|IGTC GAC GA|G|C € G|C| TC - G A|C|C €|G|G A A[C|T|G|G T|G|A A G|
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Nl e S I T T I I R
Ac-TGH-2 AclG 4 fTGAA|C erys 4 ¢ ¢ c[jc[eAACaafad|c]c d
H. contortus AlCTGC 1(7]A A 4 (| [7[GA]a c|7jajcaa cdlclaclTd
H. polygyrus GIC TG|T|TG A A|C| GlA €| G A|T|C|C A A C|A G|A G| ’

N. brasiliensis = « = = o o e e e e e e e e e e e e e e e e e e e eee e eeee e aeae ..
T. circumcincta [GTG G 1C[GTCAGA[GAGC GG 1{T|A[CTGAA] 116G G- cGrrecreana[Ma[creadfada

670 680 700 710 730 740
Human TGF-B1 [l cTCC TG T cifGdaacllcGacaTcAACGGGTTC GccGAl[6GGTGA|C c TGGcd
SminAct A TG A|T] 7 G[Al7]c]A| T 6

Ac-TGH-2 TACGT|
H. contortus TACGT|
H. polygyrus TACG T|(]
N. brasiliensis - TAG ule
T. circumcincta j [T CIA[GA GC ClA|A T] y IC T T|TACGT|G]
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Human TGF-B1 FGCCCAGCATCTGCAA 'T_’Ek( CACCGC Geddrecacad "TA A cTé|c|r6lc dlaic
SminAct AAAAAGACA GCGATCANTAACTAAAGGAGATGAGA|AATAT: G 4
Ac-TGH-2 A[€TGGaca [ €|6[A] 7 6| T €| 6[e 6 4| c[6]c[a4]c[e 6la[a G Tje |G of]c - - -l6 [AGGaGediGalrc1TG1CTC
H. contortus C 7|6 G ¢ A[T€ G G AlA|6 ¢|cla Al|T ¢|c|c G AGlGlcla Al AlgaaGrjccla 7je|T - - - - - -|G cccaaTralc|rdc|cTc
H. polygyrus C 7|c T T G|T € GGAlG|G €|cla Als|zc|1c G Alcl6lalalc s[cGaacric G olelG - - - - - -|6 cccaaalre1 Talc|cTC
N. brasiliensis Cc 114 4 TG|T€ GG Al T)c|6|A AlG Alc|c|c G Ala[6|a|aAlalcGaag[clecla TielG - - - - - -[6 7| T|T6G[C C|TGCCA|GAAGATCAGGAGCCCGGT TG[C|TGT CTC
T. circumcincta 7ie 166 c alzec Al e clcla ala[Te|ricAlglelclaalalccaacTicclr rigc - - - - - -|61|6|TGT|A|T6CC|T|GAAGACCAGGAGCCCGGTTGITG1C A
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Human TGF-B1 cAc[GecTeGAA|G[T|6 AT A[cda 6fed] Afalc 1@c[TGC €lr c 666 ¢ c[eTa|c
SminAct G G T 116[G G A 1]A A|c|7|G 6la 1[1]A 7] C 4 c|e ¢|6 76[1|c
Ac-TGH-2 A7) TATCATCGCACC|G TA[ATGTGCC
H. contortus 14 1] TATCATCGCACC |TATA T67T6[14]6/66G6TGA[1]TG 1)4|c|c[G 1]
H. polygyrus 4 17]c| clarcarriceaccq TATATGTGCCGAGGTGAC T6[C Alc|c|G 1]d]
N. brasiliensis 4 1(6] CIETCA TG cde | TATATGTGCC GGGTGACTGE clalG 76
T. circumcincta TTTCAACA |4 1] cArcarcceacd TATATGTG1Al61666T6A[NT61|11c|1|G 1]d]
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Human TGF-B1 - = - =« « - - - - - - dcac i T A[CA|A GTGCTGcGTeledacc
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H.contortus  [GT|GA]G T - - - - - - c 6[G]T | ATCAC] CAAGGAATGTGCTGTCA[CCC
H.polygyrus  Al7|clalGc - - - - - - CGATC|q jaTcac| JATGTGCTG[CCATCC|
N. brasiliensis |G 7|C|Alc C - - - - - - CGATC| A TCAC ATGTGCTGTCATCC
T. circumcincta [G I|T|A|IC T - - - - - - CGATC| A

Human TGF-B1 (| C| c|1l6

SminAct AGTA A|C|

Ac-TGH-2 G Cla[G G1l7|cclglaldaTcaTceeccd
H. contortus |G €|G|G C|cAGGIIACGATGGCTCHTNGITICCTGGTATGATAlGCCCG
H. polygyrus |G €|6|G fcalll6 TéacGaTGGe TedGlG il cdeddarcaTcceccg
N. brasiliensis |G €|A|G ([CAGGTGACGATGGC[AC[CG|GTA|CCTGGTATGATCGC[GAG
T. circumcincta |G €|A|G NTACATGAA|TGGCGACAA GrrlccreeraTGA 1Al CCC Gl

Figure 3.7: Nucleotide alignments of novel TGF-Bs with known TGF-fs

DNA alignments of known TGF-f3s from Human, S. mansoni, A. caninum, and novel TGF-3
homologues from H. contortus, H. polygyrus, N. brasiliensis and T. circumcincta. Blue box indicates
protease cleavage site, yellow boxes indicate conserved cysteines.
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T.circumcincta S - -|[V.CMPED|QEPGCCLYDLIVDEQQ-[IGWKFIIAPHKYNAYMCRGDCSV|N - -|IRSGHTK V|AIK|T - |G I

360 370 380 390 400 410 420

human TGF-beta ¥ N QH N P G[A] S A[A]p € €|v[P|o 4 L[E|P[L]P 1[VY|y V[G|- Rk PK V E OL|s NMT VR SEKEfl*
s

Sm InAct QFGN]VQRDEVQSCCHP|TQLTSMSV|LY|LDSNR E[L|ops 1L~ L]I V[LG € a € §]*
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H. contortus ITROQDATGNQGMCCHPAEYDAVRMIYMNGDN QV TMA|[R[VPGMIARKC TC S|*
H. polygyrus ITROQDATGNQGMCCHPAEYDAVRMIYMNADNQV TMA|[R[VPGMI ARK C TC S|*

N. brasiliensis
T. circumcincta

ITROQDATGNQGMCCHPAEYDAVRMIYMNGDNQV TMAPIVPGMIARKCTC S|*
I TRODATGNQOQGMCCHPAEYDAVRMIYMNGDNQV T TMARIVPGMIARKCTC S|*

Figure 3.8: Amino acid alignments of novel TGF-fs with known TGF-fs

Protein alignments of known TGF-fs from Human, S. mansoni, B. malayi, A. caninum, and novel
TGF-B homologues from H. contortus, H. polygyrus, N. brasiliensis and T. circumcincta. Blue box
indicates protease cleavage site, yellow boxes indicate conserved cysteines.
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Human TGF-beta 1 LY IDFRK[DLGWK|-WI|H E[PKGY
Mouse TGF-beta 1 LYIDFRKIDLGWK|-\WIHEPKGY
Rat TGF-beta 1 LYIDFRKIDLGWK|-WIHEPKGY
Human TGF-beta 2 LY I DFIKRDLGWK|-WI|HE[PKGY|N
Mouse TGF-beta 2 LY I DFIKRDLGWK|-WI|HE[PKGY|N
Rat TGF-beta 2 LY I DFIKRDLGWK|-WI|HEPKGY|N
Human TGF-beta 3 LYIDFRODLGWK|-WVHEPKGY|Y
Mouse TGF-beta 3 LYIDFRODLGWK|-WVHEPKGY|Y
Rat TGF-beta 3 ILY I DF|IR Q)DL GWK|-|\WV|H EIPK GY|Y
Human activin A F|E V[s|E|K - WIIAP|S|GY|H
Human anti-mullerian protein ‘LEVDLR - ZlVLIP Y|0l
Human BMP-2 LYVDE|S - WI VAPPIGY|H
Human GDF-1 LXVFR - WVIAPRGF|L
Human inhibin alpha LIN|I|S|F|Q -|EL GWE RWI VPFI i
B. pahangi Bp-TGH-1 AAVDFN-ELwWQDWILAPssys
C. elegans Ce-DBL-1 FIY VDE[D - D LINW o DW I[MJA PKG ¥|D
A. caninum Ac-DBL-1 [LYVDEF|E -|[EI GWQEWI LA PK[S|Y|E]
S. stercoralis St-TGH-1 iNINFE-EIGWN-FIViPKILQ
S. mansoni SminAct C|T QA|L|S|VIK|E|S -|D I GWDN|WI IIIPFE
C. elegans DAF-7 CCL|Y D|L|IE|I EF|E - K|I GWD -\WI VAP Y|V
B. malayi Bm-TGH-2 CCL|Y S|[LIVIVDF|E - Al AGWD -|[FVIAPK LY|D|
A. caninum Ac-TGH-2 CCL|Y DILITIVDF|Q - OM|{GWK|-|F I I APH|K|Y|N
H. contortus Hc-TGH-2 CCL|YD|LIIIVDF|Q - O]l GWK|-|F I I APH|K|Y|N
H. polygyrus Hp-TGH-2 CCL|YD|LIIIVDF|Q -|[EI GWK|-|F I I APH|K|Y|N
N. brasiliensis Nb-TGH-2 CCL|YD|ILII|IVDF|Q - OM|{GWK|-|FV I APH|K|Y|N
T. circumcincta Tc-TGH-2 CCL|YD|LI|VDFE|Q - Q) GWK|-|F I I APH|K|Y|N
60 70 80
Human TGF-beta 1 [LA]-[Z]y N o1 N[P|G[A]s A A[P €€V P|oA L[EP L]P
Mouse TGF-beta 1 LA|-|LIY NQHN|P|GIA|SA S|[PCCVP(QAL|EPL|P
Rat TGF-beta 1 LA|-|LIY NQHN|P|GIA|SA S|[PCCVP|QALIEPL|P
Human TGF-beta 2 L|S -|LIY N T 1 N|P|E|A|SA S O|D|L|E P L|T|
Mouse TGF-beta 2 L[S -|LIY N T I N|P|E|A|SA S D|L|EP L|T|
Rat TGF-beta 2 L|S -|LIY NTI N|P|E|A|SA S D|L|EP L|T|
Human TGF-beta 3 LG|-|LIY NTLN|P|E|A|SA S D|L|EP L|T|
Mouse TGF-beta 3 LG|-|LIY N TLN|P|E|A|S A S|P CCV P|O|D|L|EP L|T|
Rat TGF-beta 3 ILG|-|LIY NTLN|P|E|JA|SA S|IPCCVP|QD|LIEP L|T
Human activin A HY - RMR GH S|P|F|AIN LK S|CCVP(TK LRP|M S
Human anti-mullerian protein LﬁM QARGAA|LIARPIPCCVPTAYAGKL
Human BMP-2 o7 -[LlvNSVNS-K1PKAlccvVP|TEL s All]s!
Human GDF-1 R[A]-|LH A A A[P|G[A]A D LPCCVP|AR L S[P IS
Human inhibin alpha QP - - - YSLLIP|GIA[QP CCAA|LP(GT H
B. pahangi Bp-TGH-1 dg]-[Z]1 N s v Dlp|N|L|V P A[P € C V P|1[E A
C. elegans Ce-DBL-1 QS -(LILH SLR|PIDEVPP|PCCYV P|T|E| N
A. caninum Ac-DBL-1 QS -|LITN SLN|P[- QV P PP CCV P|T|E] N
S. stercoralis St-TGH-1 S - -KFKHLQDIEHK s|c c[y]p|1|E N
S. mansoni SminAct S--QFGNVQRDEYV QS|CCH|PT Q y
C. elegans DAF-7 ----HKVSNPEIGY|CCH|P|T|E
B. malayi Bm-TGH-2 ST----KKNAVSG- - -|CC|H|P|T|E|
A. caninum Ac-TGH-2 -|I|I TR QE A T|G|N Q GM|C C|H|P(A|E
H. contortus Hc-TGH-2 -|V|I TR QDA T|GIN Q GM|C C|H|P|A|E
H. polygyrus Hp-TGH-2 G|V|I TR QDA T|G|N Q GM|C C|H|P|A|E]|
N. brasiliensis Nb-TGH-2 -|I|I TR QDA T|GIN Q GM|C C|H|P|A|E
T. circumcincta Tc-TGH-2 -L{I TR QDA T|GIN Q GM|C C|H|P|A|E]|
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Figure 3.9: Amino acid alignments of conserved region of novel and previously known TGF-fs

Amino acid alignments of conserved region of TGF-f-superfamily members from mammals and

nematodes.
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Method: Neighbor Joining; Best Tree; tie breaking = Systematic
Distance: Poisson-correction
Gaps distributed proportionally
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Figure 3.10: Phylogenetic tree of novel and previously known TGF-fs

Best fit tree of TGF-f superfamily members (shown aligned in Figure 9). Values shown in normal
type (e.g. 0.093) indicate divergence between sequences, and numbers in bold italics (e.g. 700)
indicate bootstrap values (percentage of calculated trees which branched as shown, values are
representative of 1000 repetitions). Where no values are shown, the bootstrap values are below 50 %.
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Figure 3.11: Real-time PCR of TGH-2 transcription
Levels of TGF-f homologue, actin and p-tubulin transcription were measured by real-time PCR in
different developmental stages of H. contortus Hc-TGH-2 (A), H. polygyrus Hp-TGH-2 (B), N.
brasiliensis Nb-TGH-2 (C) and 7. circumcincta Tc-TGH-2 (D and E). The relative transcription levels
were calculated by dividing the relative levels of TGF-f3 homologue transcription by relative levels of
actin (A-D) or p-tubulin (E) transcription. Error bars show standard error of mean, of three technical
replicates. This experiment was carried out once.
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3.6. H. polygyrus Hp-TGH-2 expression

Hp-TGH-2 was selected for expression in bacteria. Only the conserved active
domain was expressed as it was hypothesised that antibodies against this region
would be most likely to block binding of the active protein to the receptor. The active
domain was first amplified using primers specific to the region immediately
downstream from the protease cleavage site, and the end of the sequence, with
overhanging restriction enzyme sites, to allow sticky-end cloning into the pET21
expression vector. The primers used are shown in Table 3.4 below, with overhanging
ends in bold, and restriction enzyme sites in red:

Table 3.4: Primers used to clone Hp-TGH-2 conserved domain

Primer name

Sequence

Binding site

on sequence

Hp_cons_Ndel_for

5-GGGCCCCATATGAGTCCGGCGGTGTGTCTGCCT-3

557-576

Hp_Xhol_rev 5-GGGCCCCTCGAGGGAGCAGGTGCACTTTCGGGCGATC-3' | 903-879

The product was digested with Ndel and Xhol restriction enzymes (New
England Biolabs), then ligated into Ndel/Xhol-cut pET21 vector (Novagen). The
vector map and cloning site is shown in Figure 3.12. The ligated plasmid was then
transformed into BL21 (DE3) E. coli cells, and expression induced with IPTG.
Protein expression was then assayed by Coomassie staining of cell lysates. As is
shown in Figure 3.13A, significant levels of expressed protein were only seen in
supernatants of cell lysates resuspended in 8 M urea, therefore the protein produced
was insoluble in saline. The expression yielded a band at around 14 kDa, which is
close to the predicted size of 10.5 kDa. Lysates resuspended in His-purification

binding buffer with 8 M urea were then 6-His purified using the AKTAprime.
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Fractions eluted are shown in Figure 3.13B. Fractions 12 to 24 were pooled and

dialysed against PBS containing 8 M urea.

3.7. H. polygyrus TGF-3 homologue polyclonal antibody

The expressed conserved domain of Hp-TGH-2 (Hp-TGH-2-cons) was used
to immunise SD strain rats (Harlan): the protein was precipitated onto alum, then 200
ug was injected subcutaneously. 4 and 5 weeks later, challenges of 50 ug/ml alum-
precipitated protein was given, and serum was prepared from the rats 6 weeks after
first immunisation. The serum was used in Western blots against H. polygyrus adult
excretory/secretory products (HES), H. polygyrus adult homogenate (HEX) and
recombinant protein (Hp-TGH-2-cons) (Figure 3.14). In HEX, some bands were seen
at ~65 kDa and 30 kDa when the blots were probed with naive serum, which appears
to be non-specific binding due to the large amount of protein used (230 ug of HEX
on the gel). However, probes using immunised serum showed extra bands at ~50
kDa in HES, and ~35 kDa in HEX. In HEX, a collection of high molecular weight
bands were also seen.

The 50 kDa band seen in HES is larger than the predicted mass of latent Hp-
TGH-2 of 33.7 kDa, however this difference could be due to glycosylation. The band
seen in HEX at around 35 kDa is much closer to the predicted protein mass, and
could reflect that the protein is not glycosylated until it is secreted by the parasite.
The very large molecular weight bands seen in HEX are intriguing, as latent
mammalian TGF-f is known to form the Large Latent Complex (LLC) by covalently

binding to Latent TGF-f Binding Proteins (LTBPs). These large latent complexes
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have a molecular weight of around 220 kDa (207), and so these type of complexes

could explain the bands seen here.

3.8. TGF-B activity in HES and SEA

H. polygyrus excretory/secretory products (HES) can produce a signal on the
TGF-p bioassay (Grainger et al, in review). When S. mansoni Soluble Egg Antigen
(SEA) was tested on the bioassay it also produced a signal, and neither the HES nor
SEA signal could be blocked by anti-mammalian TGF-f antibody, therefore were
not due to contamination from the host (Figure 3.15A). To test whether the Hp-TGH-
2 is the source of the TGF-f activity, we attempted to block the TGF-f signal by
addition of purified rat anti-Hp-TGH-2-cons. Serum was IgG purified using a protein
G-sepharose column, and spin concentrated using a 5 kDa cut-off spin column
(Sartorius). As can be seen in Figure 3.15B, the signal could not be ablated by
addition of antiserum to block the TGF-f signal. Addition of the naive rat IgG
control (bought in from Sigma, rather than purified in-house) increased the HES
TGF-f signal, however this appears to be due to contamination of the naive rat IgG
with (most probably rat-derived) TGF-f, as can be seen in the control of naive rat
IgG alone (Figure 3.15B).

The polyclonal antibody was raised against bacterially expressed protein,
which do not contain disulphide bonds, and so would not be folded correctly.
Antibodies raised against incorrectly folded protein would be less likely to block
interaction of the parasite protein with the receptor. Therefore we attempted to
deplete the TGF-b homologue from HES prior to addition to the TGF-f bioassay, by

incubation with antisera followed by depletion of immunoglobulin with protein G
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sepharose beads. Depletion of HES using protein G sepharose beads also did not
reduce the TGF-f3 signal (Figure 3.15C).

Both HES and SEA were used in a Treg induction assay, to see if they could
induce Tregs in combination with polyclonal stimulus, similarly to mammalian TGF-
f (103). HES was shown by J. Grainger to induce Tregs similarly to TGF-f
(Grainger et al, in review). In order to test whether HES induces Tregs through the
TGF-f pathway, HES was used in a Treg induction assay with wild-type or CD4-
trophic TGF-BRII dominant negative (TGF-BRIIDN) splenocytes. TGF-BRIIDN
mice contain a transgene producing a truncated TGF-BRII which is able to bind
TGF-f and the type I TGF-fR chain (ALK-5) but lacks the ability to signal to the
cell. This transgene is under the control of the CD4 promoter (which has been altered
to allow expression in CD4" and CD8" T cells), so T cells cannot respond to TGF-f.
When HES was used on a Treg induction assay on TGF-BRIIDN splenocytes
(Figure 3.16), no Treg induction was seen, indicating that functional TGF-3 receptor
signalling is required for the Treg induction by HES.

As SEA produces a strong signal on the TGF-f3 bioassay (Figure 3.15A), it
was hypothesised that it would, like HES, also induce Tregs. However, when SEA
was used in a Treg induction assay, no Treg induction was seen (Figure 3.17A).
Interestingly, addition of SEA ablated the Treg induction seen with addition of
mammalian TGF-, indicating an inhibitor of Treg induction is present in SEA. To
remove the effect of Toll-Like Receptor (TLR) ligands in SEA, a Treg induction
assay was carried out in MyD88-deficient splenocytes, which cannot respond to TLR
ligands. As shown in Figure 3.18B, very similar results were seen, therefore the

inhibitor of Treg induction does not act through the TLR pathway.
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Figure 3.12: pET-21 vector map
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Vector map (A) and multiple cloning site (B) of pET-21. Red boxes indicate the Nhel and Xhol
restriction enzyme sites used for cloning. (Adapted from the Novagen website:
http://www.merckbiosciences.com/docs/docs/PROT/TB036.pdf)
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Figure 3.13: Expression of Hp-TGH-2-cons

E. coli containing the pET21-Hp-TGF-cons plasmid were cultured for 3 h in the presence of 1 ug/ml
IPTG. Coomassie-stained 4-12 % SDS-PAGE gel in (A) shows supernatant soluble in 6-His binding
buffer alone, or soluble in 6-His binding buffer with 8 M urea (arrow indicates ~14 kDa expressed
protein). Coomassie-stained 4-12 % SDS-PAGE gels in (B) show fractions of expressed, His-purified
Hp-TGF-cons eluted from the AKTAprime.
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anti-Hp-TGH-2-cons Naive rat serum

-

HES HEX er-TGH-; @ES HEX er-TGH-2\

Figure 3.14: Detection of Hp-TGH-2 in H. polygyrus products

HES (49 ug), HEX (230 ug) and recombinant Hp-TGH-2-cons (100 ng) were run on a denaturing 4-
12 % SDS-PAGE gel, transferred to nitrocellulose membrane and probed with 1/100 rat serum (anti-
Hp-TGH-2-cons or naive), then 1/1000 anti-rat [gG-HRP and developed with Chemiglow reagent
(Alpha Innotech), and photographed on a FluorChem SP imager (Alpha Innotech).
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Figure 3.15: Attempts to block HES TGF-§ activity.

SEA (25 ng/ml), HES (10 ug/ml) or TGF-f (1 ng/ml) with or without 1 ug/ml anti-TGF-f (clone 1D11)
were assayed for TGF-f} activity on the MFB-F11 TGF-f3 bioassay (A). Polyclonal antibody against the
expressed conserved domain of Hp-TGH-2 (anti-Hp-TGH-2-cons) or a control of rat IgG (both at 100
ug/ml) were added to HES (10 ug/ml) on the MFB-F11 bioassay in an attempt to block binding to the
TGF-f receptor (B). In an attempt to deplete the TGF-f signal from HES, anti-Hp-TGH-2 cons or rat IgG
(both at 100 ug/ml) was incubated with HES at 37°C for 1 h, then at 4°C with protein G sepharose beads
overnight. The bound antibody bound to the beads were then centrifuged out prior to addition of the
supernatant to the MFB-F11 TGF-f bioassay (C).Values shown are calculated from a TGF-f3 standard
curve (A and C), or luminescence units (B). Values in (B) were above TGF-f3 standard curve. Error bars
are standard error of mean of three technical replicates. *** = P<(0.001, ** = P<0.01, N.S. = Non

significant.
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Figure 3.16: HES Foxp3 induction.

HES (10 ug/ml) or TGF-p (10 ng/ml) was applied to C57BL/6 or CD4-trophic TGF-BRII
dominant negative (on a C57BL/6 background, the T cells from these mice are unable to
respond to TGF-f3) splenocytes in the presence of 2 ug/ml ConA for 3 days, then stained
for CD4, CD25 and FoxP3 by flow cytometry. Graph shows Foxp3" proportion of the
CD4" population, with error bars showing standard error of mean of triplicate cultures.
Bivariate flow cytometry plots (bottom) show Foxp3 and CD25 staining on CD4"-gated
lymphocytes.
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Figure 3.17: SEA cannot induce Foxp3 expression in wild-type or MyD88-deficient
splenocytes.

SEA (12.5 ug/ml, 25 ug/ml or 50 ug/ml as indicated) or TGF-p (10 ng/ml), or 10 ng/ml
TGF with 25 ug/ml SEA was applied to 1 x 10° C57BL/6 (A) or MyD88-deficient
(C57BL/6 background) (B) splenocytes in the presence of 2 ug/ml ConA for 3 days, then
stained for CD4 and Foxp3 by flow cytometry. Data shown is the Foxp3" proportion of
the CD4" population. WT = C57BL/6 splenocytes, KO = MyD88-deficient splenocytes,
Med = medium control, SEA = S. mansoni Soluble Egg Antigen added (preceding
numbers indicate final concentration of SEA in ug/ml), TGF = TGF-p added, TGF SEA =
TGF-f and SEA both added. All bars are single cultures
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3.9. Discussion

In this chapter, I showed that TGF-$ homologues are encoded by many
intestinal parasites, and that TGF-f3 signals are present in parasite-derived products.
Using molecular techniques I identified TGF-B homologues in H. contortus, H.
polygyrus, N. brasiliensis and T. circumcincta. These TGF-f3 homologues were very
similar to A. caninum Ac-TGH-2 showing they are highly conserved in intestinal
nematodes. The real-time PCR data shows that in H. contortus, H. polygyrus and N.
brasiliensis expression is highest in L3 larvae. This expression profile could indicate
that parasites express TGF-f3 homologues prior to entry into the host, producing high
levels of TGF-f which is then released on infection of the host, thus skewing the
immune response towards tolerance at the earliest contact between the parasite and
the host. In 7. circumcincta however, the expression profile indicates low expression
in the infective larvae, and highest expression in exsheathed (tissue-stage) L3 larvae
and adults. This could indicate that 7. circumcincta does not upregulate its TGF-f
homologue until it enters the host, when it is in contact with the immune system. The
high expression in adults is more difficult to explain, as once hookworms are adult
they live in the lumen of the gut, external to the host immune system. These real-
time PCR results are only a single experiment, and therefore should be repeated for
confirmation. These experiments are currently in progress.

An alternative explanation of TGF-f§ homologue production in nematodes is
that they have a role in development, as shown in C. elegans (95), S. mansoni (78),
and A. caninum (76). They are associated with developmental arrest, for example in
C. elegans dauer larvae, or A. caninum L3 larvae. Thus, the high levels of

transcription of the H. contortus, H. polygyrus and N. brasiliensis TGF-f
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homologues in the L3 larvae stage could indicate the TGF- homologues are
maintaining the arrested L3 state, and are downregulated when the parasite develops
to later stages. Interestingly, H. polygyrus Hp-TGH-2 is again upregulated in the egg
stage, which is also developmentally arrested. To study this further it would be
useful to assess the transcription of the other TGF-f§ homologues in the egg stages of
H. contortus, N. brasiliensis and T. circumcincta. A possible caveat of transcriptional
results from the egg stage is that although all larval and adult stages are motile, the
egg stages are not. As the housekeeping gene used here, actin, is involved in muscle
contraction (208) it may be downregulated in the non-motile egg stage, giving a
falsely high result for the relative TGF-f3 homologue expression.

The hypothesis that TGF- homologues from parasites are involved in
immunosuppression is supported by the fact that Hp-TGH-2 could be detected in
HES, and that HES and the soluble egg antigens of S. mansoni (SEA) both produce a
signal in the TGF-f3 bioassay. However, only HES can induce Tregs in vitro. The
lack of Treg induction by SEA is intriguing, especially as a similar level of TGF-f3
activity is seen in SEA as in HES. As SEA is known to potently induce TH2
responses (209), the inhibitor of mammalian TGF-f Treg induction could be an
activatory TH2 ligand. The fact that mammalian TGF- Treg induction was still
ablated by SEA in MyD88-deficient splenocytes indicates that the Treg inhibition is
not dependent on TLR ligands, although it may depend on other Pathogen
Associated Molecular Patterns (PAMPs) that act through other Pattern Recognition
Receptors (PRRs). The inhibition of Treg induction may be due to the method by
which SEA is prepared — eggs are taken from infected animals and homogenised,

thus antigens which during infection would be sequestered inside the egg by the
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surrounding granuloma are released in SEA. As it would be useful for the parasite to
induce Tregs through TGF-f, it may be that the Treg inhibiting factor is an antigen
which is not released from the egg during infection. To test this hypothesis, it would
be interesting to study excretory/secretory products from S. mansoni live eggs or
adults, and assess levels of TGF-f signalling and Treg induction.

We could not block the TGF-f3 signal in HES using rat antiserum, nor could
we deplete HES of the TGF-f signal. Due to the fact that the antiserum was raised
against bacterially expressed protein, it would not be surprising that it would not
block binding of the protein to the receptor, as the bacterial protein would not have
the same conformation as parasite-derived protein. This could also affect the affinity
of the antiserum for the parasite protein. A low affinity antibody would also be less
able to deplete the protein from the HES, which could explain why we were not able
to reduce the HES TGF-f signal in the depletion experiment (Figure 3.15C). In order
to investigate this further, it would be useful to produce functional H. polygyrus Hp-
TGH-2 in another expression system such as insect cells, as described in chapter 4.
Antibodies raised against functional protein would be more likely to block binding. It
also may be that a very small proportion of the antibody present in rat polyclonal
sera is specific to the TGF-f homologue, and so not enough specific antibody was
present to block or deplete HES. Therefore a monoclonal antibody against H.
polygyrus TGF-p would be useful for these studies, as the specific antibody would be

at a known concentration and affinity.
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Chapter 4:
Bm-TGH-2
Insect Cell Expression
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4. Bm-TGH-2 Insect Cell Expression
4.1. Preparation of Baculovirus
4.1.1. Ce-DAF-7 Cloning

At the outset of the project, Bm-TGH-1 and Bm-TGH-2 had previously been
cloned into the pPBAC-1 vector (Novagen), and Ce-DAF-7 had been isolated from a
C. elegans cDNA library, and had been cloned into pcDNA3 by N. Gomez-Escobar.
It was amplified using PCR with specific primers containing overhanging Stul and
Xhol restriction enzyme sites to allow restriction enzyme digestion, and sticky end
cloning into the pBAC-1 vector. The primers used are shown below, with the

restriction sites highlighted in blue, and the start codon highlighted in red:

Primer name Sequence

Stul-DAF-7-for | 5>~ AAAAGGCCTATGTTCATGGCATCTTCACTC-3’

DAF-7-rev-Xhol | 5’-CCGCTCGAGTGAGCAACCGCATTTCTTGGC-3’

The PCR product was then purified using a gel purification kit (QIAGEN)
and restriction digested with Stul and Xhol enzymes. The resulting fragment was

then ligated into Stul/Xhol-digested pBAC-1 plasmid.

4.1.2. Recombinant Baculovirus Production

All three constructs were then transfected with bacPAK-6 into SF21 cells
using the Clontech kit, allowing homologous recombination to occur, resulting in
viable virus expressing the proteins of interest. Clones were plaque picked, purified
and amplified to high titre in SF9 cells (Around 10*/ml, depending on batch). Small-
scale expressions of Bm-TGH-1, Bm-TGH-2 and Ce-DAF-7 were then carried out in

SF21 and Hi5 cells over a 72 h timecourse, and supernatants assayed for expression
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levels by Western blotting with anti-6-His antibody. No bands were visible in the
Bm-TGH-1 6-His Western blots (data not shown), so these were re-probed with anti-
Bm-TGH-1 mouse serum, where a faint band could be seen at the predicted size for
the immature protein of 45 kDa (Figure 4.1A). Bm-TGH-1 in expressions after this
point was only ever detectable at very low levels with anti-Bm-TGH-1 serum, and
was never detectable by anti-6-His antibody. Therefore it was decided to abandon
Bm-TGH-1, as Ce-DAF-7 was an adequate control for a nematode TGF-§3
homologue. The small scale expressions of Bm-TGH-2 and Ce-DAF-7 showed that
homologues were present at the highest levels in SF21 cells after 72 h, with very low
expression Hi5 cells at early timepoints (Figure 4.1B + C). Expression in Hi5 cells
was attempted twice more without significant levels of expression being seen, so

SF21 cells were used for all expressions.
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Figure 4.1: Small-scale expression timecourse of Bm-TGH-1, Bm-TGH-2 and Ce-
DAF-7 in SF21 or HiS5 insect cells.

Expression time-course of Bm-TGH-1 (A), Bm-TGH-2 (B), and Ce-DAF-7 (C).
Supernatants taken at 24, 48 and 72 h from small-scale expressions were probed in
Western blots with 1/200 anti-Bm-TGH-1 serum, then 1/1000 anti-mouse IgG-HRP (A),
or 1/2000 anti-6-His-HRP (B and C). M = marker, H/S 24/48/72 = cell line used for

expression (H=Hi5, S = SF21) and time-point — hours after infection (e.g. S48 = SF21
cells at 48 h after infection).
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4.2. Production of Recombinant Proteins

A large scale expression of Bm-TGH-2 and Ce-DAF-7 was then carried out
in the presence of furin recombinant baculovirus (which was supplied at high titre by
N. Gomez-Escobar), and the culture supernatants were purified using the
AKTAprime. All eluted fractions were assayed for protein levels using a Bradford
Assay and Coomassie stain. Positive fractions were pooled, dialysed against PBS,
and probed with anti-6-His antibody on a Western blot (Figure 4.2). Representative
Coomassie stains of purified TGH-2 and DAF-7 are shown in Figure 4.3.

The large scale expression of Bm-TGH-2 produced a strong band on the
Western blot at approximately 14 kDa, which is similar to the expected size of
12kDa. The difference could be due to the His tag and glycosylation during the
insect cell expression. There is still a dense band at ~45 kDa however, indicating that
the immature form is still present. Thus not all protein produced was cleaved to the
active form by the furin-expressing virus. It is difficult to tell what the smaller band
at ~5 kDa is. However, it may be as a result of a further cleavage of the active Bm-
TGH-2 by furin. None of the bands shown by Western blot were detectable by
Coomassie stain, as far stronger bands of serum proteins mask them. Therefore
although the recombinant proteins were 6-His purified, it seems the vast majority of
protein present is of contaminants from the serum.

The large scale expression of Ce-DAF-7 shows a fainter band of
approximately 12 kDa. However, this is also present in the flow-through, so may be
a non-specific band from the serum in the media.

As a negative control of a non-TGF-f homologue, Bm-ALT-2 recombinant

baculovirus was used (courtesy of J. Hewitson) and was amplified and expressed as
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with Bm-TGH-2 and Ce-DAF-7, using SF21 cells. As can be seen from the
Coomassie stain (Figure 4.3), the Bm-ALT-2 purification also resulted in a large

amount of contaminating serum proteins being co-purified.
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Figure 4.2: Purification of SF21-expressed Bm-TGH-2 and Ce-DAF-7.

Western blot of 6-His purified and AKTAprime flow-through for Bm-TGH-2 and Ce-
DAF-7, probed with 1/2000 anti-6-His-HRP. Fractions taken from the AKTAprime
were tested for the presence of protein by Bradford assay and Coomassie staining, and
then positive fractions were pooled. Fractions were eluted in a rising concentration of
imidazole from 10 mM to 500 mM, with Bm-TGH-2 eluted off in fractions 14 to 21
and Ce-DAF-7 in fractions 13 to 17 of 40 fractions collected.
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Figure 4.3: Coomassie stain of expressed proteins

Representative Coomassie stains of 6-His purified Bm-TGH-2, Ce-DAF-7 and Bm-
ALT-2. Each protein was expressed in SF21 cells (in medium containing FCS),
purified using the 6-His tag and 30 ul run on a 4-12 % SDS-PAGE gel in MES buffer,
then Coomassie stained.

M = marker.
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4.3. TGF-f Activity in Expressed Proteins

Endogenous or heat-activated samples of the expressed proteins were then
used in the TGF-f} bioasssay to check for TGF-f receptor binding (Figure 4.4A). It
was decided it would not be possible to use similar concentrations of each protein as
it was impossible to tell from the Bradford assay how much protein was present — the
Coomassie stains clearly show most of the protein present is FCS proteins, rather
than recombinant protein (Figure 4.3). Therefore 1 in 2 dilutions in media of neat
samples of proteins were used to roughly compare. All proteins had similar levels of
endogenous TGF-f receptor binding ability (around 1 ng/ml), with equivalently
higher levels after heat-treatment (3-7 ng/ml), including the negative control of Bm-
ALT-2 (a non-TGF-f homologue). Therefore the signal seen was thought to be TGF-
B present in the FCS the proteins were expressed in, and had co-purified with the
proteins. To investigate this further, neat samples of expressed proteins and a range
of controls including FCS were added to the TGF-f3 bioassay (Figure 4.4B). As can
be seen in Figure 4.4B, neat FCS contains roughly equivalent levels of TGF-f as is
present in Bm-TGH-2 or Bm-ALT-2 expressed in SF21s. As this TGF-f signal is not
present in Bm-ALT-2 expressed in Hi5 cells (an insect cell line that does not require
FCS in the media), and no detectable signal can be seen in neat TC100 media
containing 10 % FCS, the serum proteins including mammalian TGF-B must be
being preferentially purified with the recombinant proteins, with almost pure FCS

being purified from the AKTAprime.
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Figure 4.4: TGF-f activity in insect-cell expressed proteins or controls.

Expressed Bm-TGH-2, Ce-DAF-7 and Bm-ALT-2 from SF21 cells (expressed with FCS)
infected in the presence of furin virus and purified using 6-His tag were diluted 1:2 in
DMEM medium and added to the MLEC TGF-f bioassay either immediately to measure
endogenous levels of TGF-f} (endo), or after heat-treatment (85°C 5 min) to activate latent
TGF-p (HT) (A). Controls of pure FCS, boiled FCS (hiFCS) TC100 media (containing 10%
FCS), Bm-TGH-2 and Bm-ALT-2 (expressed as above), Bm-ALT-2 expressed in Hi5 cells
(ALT-2 Hi5), and Bm-TGH-2 baculovirus, were also added to the MLEC TGF-f3 bioassay

(B).
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4.4. Protein Production without FCS

In order to avoid the problem of FCS-derived TGF-f activity, expression of
all proteins was attempted with heat-inactivated (boiled for 30 min) FCS (hiFCS),
which ablates any TGF-f activity (Figure 4.4B) however this proved to cross-link
the FCS and resulted in a very viscous supernatant, which proved impossible to
purify. Therefore small-scale expressions were attempted under several conditions:
standard culture conditions (normal SF21 in TC100 media with 10% FCS); normal
SF21 using TC100 media without FCS supplement; a new strain of SF21 cells,
which do not require FCS in the media (SFM SF21); and normal SF21s in TC100
containing hiFCS. Under all conditions Bm-TGH-2 could be detected by Western
blot with anti-Bm-TGH-2 sera (Figure 4.5). As would be expected Bm-TGH-2 was
expressed best with FCS in the media (as SF21s have a much higher level of cell
death without FCS in the media (data not shown)), however both the SFM SF21s and
the normal SF21 in TC100 media without FCS produced some Bm-TGH-2. As the
SFM SF21 cells grew at a much slower rate than the normal SF21 cells, it was
decided to continue expressing in normal SF21 cells, washing the cells into TC100
without FCS just prior to infecting with the recombinant baculovirus.

Furin baculovirus was not coinfected with the TGF-f homologues as before
as it could have been reducing the expression of the other proteins by competition for
infection of the cells, and it had previously been shown that it was not cleaving the
majority of the TGF-f homologue protein to activity (Figure 4.2). The TGF-p
homologues could then be cleaved to activity after expression by either heat-, acid-
or recombinant furin-cleavage. Examples of fractions of Ce-DAF-7 and Bm-TGH-2

eluted from the AKTAprime are shown in Figure 4.6. Bm-TGH-2 gives a pure single
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band at around 45 kDa as expected from the Western blots. Ce-DAF-7 however gave
bands at 70 kDa, 40 kDa, 30 kDa and 27 kDa as well as the expected band at 45 kDa.
These may be cleavage products or contamination of insect cell proteins. The
fractions containing bands at 45 kDa were pooled and dialysed against PBS and their
concentrations calculated by Bradford assay.

In order to check that the Bm-TGH-2 protein expressed was not a
contaminant, the 45 kDa Bm-TGH-2 band was excised from a Coomassie gel and
sent to the SIRCAMs facility for matrix-assisted laser desorption/ionization

(MALDI) Mass Spectrometry analysis. When the peptide fragment sizes were

entered into the ProteinProspector MS-Fit tool (http://prospector.ucsf.edu), and
searched against the NCB Inr B. malayi database, one match was returned — Bm-
TGH-2, with a extremely significant score of 1.57 x 10", The peptide fragment
sequences returned from the analysis are shown aligned with Bm-TGH-2 in Figure

4.7.
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Figure 4.5: Expression of Bm-TGH-2 under conditions to minimise TGF-f from FCS
Western blot of supernatants from small-scale expressions of Bm-TGH-2, expressed in normal
SF21 cells in TC100 with FCS or TC100 without FCS, in SF21 SFM cells (not requiring FCS in
their media) or normal SF21 cells in TC100 media containing hiFCS, probed with 1/200 anti-

Bm-TGH-2, then 1/1000 anti-mouse IgG-HRP. The expected size of Bm-TGH-2 is indicated by
the arrow.
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A. Ce-DAF-7

B. . Bm-TGH-2

Figure 4.6: Coomassie stains of 6-His purified fractions of Ce-DAF-7 and Bm-TGH-2
Ce-DAF-7 (A) and Bm-TGH-2 (B) were expressed in SF21 cells in the absence of FCS, then
purified using the 6-His tag on the AKTAprime in a rising concentration from 10 mM to 500
mM of imidazole.
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Figure 4.7: Mass spectrometry of Bm-TGH-2
Peptides predicted by MALDI-TOF mass spectrometry analysis of expressed Bm-TGH-2
aligned with full Bm-TGH-2 amino acid sequence.
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4.5. TGF-f Activity in Serum-free Expressed Proteins

Bm-TGH-2 and Ce-DAF-7 were then used in the TGF-f bioassay at defined
concentrations with a Bm-ALT-2 (also expressed in SF21s without FCS) negative
control. In an attempt to activate the samples, they were either heat treated, acid
treated or furin treated (2 units of recombinant furin (New England Biolabs) added
and heated to 37 °C for 2 hours), any of which should have been capable of
activating any latent TGF-f present. The levels of TGF-p activity seen are very low
(close to the detection limit of the assay), and do not increase significantly when a
greater concentration was added, therefore the signals seen are most likely artifactual
(Figure 4.8).

A well-characterised action of TGF-f is the induction of Tregs when
combined with a polyclonal stimulus. To test for induction of Tregs, purified Bm-
TGH-2, Ce-DAF-7 and Bm-ALT-2 were used in cultures of BALB/c splenocytes
stimulated with ConA, with a positive control of recombinant TGF-f (Figure 4.9).

No Treg induction was seen by the any of the recombinant proteins.
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Figure 4.8: TGF-f activity of TGF-3 homologues expressed in the absence of FCS
1 ug/ml or 100 ng/ml Bm-TGH-2, Ce-DAF-7 or Bm-ALT-2 (expressed in the absence of
FCS), either endogenous (endo) or activated by heat-, acid- or furin-treatment were added
to the MLEC TGF-p bioassay. Scale is set to the top of the standard curve (500 ug/ml).
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Figure 4.9: Foxp3 induction in BALB/c spenocytes by TGF-f or recombinant parasite
products.

1x10° BALB/c splenocytes were stimulated with 2 ug/ml ConA and TGF-p or TGF-
homologues, then stained for CD4 and Foxp3 in 2 separate experiments. (A) Splenocytes
stimulated in the presence of a range of TGF-f3 concentrations as shown, or Bm-TGH-2 or Ce-
DAF-7 at 1 ug/ml. (B) Splenocytes stimulated in the presence of 25 ng/ml TGF-f or 2.5 ng/ml
endogenous (endo) or heat-treated (HT - 85°c 5 min) Bm-TGH-2, Ce-DAF-7 or Bm-ALT-2.
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4.6. Discussion:

In this chapter, I was able to purify the TGF-f homologues Bm-TGH-2 and
Ce-DAF-7 from baculovirus-infected insect cells. As shown by N. Gomez-Escobar
(96), Bm-TGH-2 expressed in insect cells can signal through the mammalian TGF-
BR. However, in a very similar system used here highly pure TGH-2 could not
produce a signal through the TGF-f bioassay, or induce Treg differentiation in a
similar manner to mammalian TGF-f. As the DNA construct used to create the
baculovirus was the same as the one used by N. Gomez-Escobar, the protein
produced should have been identical. However, it was produced in a different cell
line in these experiments (SF21 as opposed to Hi5), as when expression was
attempted using the Hi5 cell line, very low levels of expressed protein were detected.
The SF21 cell line may produce proteins with different post-translational
modifications, which may have rendered the protein produced here non-functional.
Other differences between the methods include a 6-His purification step in these
experiments, while crude supernatant was used in N. Gomez-Escobar’s paper. It
could be that infection with the Bm-TGH-2 baculovirus was inducing the cells to
produce a TGF-f homologue of their own, producing the published signal. However
as controls of wild-type virus infected cell supernatant were used, which produced no
signal, this is unlikey.

A previous study expressing mutants of mammalian TGF-1 showed that
addition of either a six-residue endoplasmic reticulum targetting sequence
(SEKDEL), or a control non-functional 6-residue sequence (SEKDVS) to the C-
terminus rendered the protein non-functional (210). The modified proteins could not

produce a signal in a TGF-f bioassay, and could not dimerise or be proteolytically
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cleaved to activity. Therefore the C-terminal of TGF-f appears to be extremely
important for correct folding and processing, and any addition to the C-terminus can
interfeer with this. This could be a possible explanation of the non-functional Bm-
TGH-2 produced here, as the 6-residue Histidine tag added to the C-terminal could
be interfering with functional protein production in a similar fashion. This however
does not explain the disparity between the result shown here and the published result,
as Bm-TGH-2 was previously expressed with a C-terminal 6-His tag. However as the
protein produced by N. Gomez-Escobar was not 6-His purified, and no anti-6-His
Western blots are shown in the published data, the possibility remains that a stop
codon was introduced between the end of the protein and the 6-His tag, resulting in
the production of functional protein.

In order to test the hypothesis that the His-tag is rendering the protein non-
functional, the sequence could be altered to introduce a protease cleavage site
between the end of the sequence and the His-tag, so that it could be cleaved off after
expression, perhaps releasing functional protein. The proteins could alternatively be
expressed without C-terminus tags and instead purified based on other physical
properties such as size or charge. Another possible approach would be to add a N-
terminal tag for purification of the proteins, however any correctly processed protein
would lack the N-terminal pro-protein, and hence would have no tag. Any protein
purified by this technique would thus be latent TGF-, which could then be cleaved
to activity by addition of proteases such as furin.

Insect cell expression may be a good system for expressing other TGF-f
homologues, such as the novel TGF-f homologues identified in chapter 3, as it has

been previously used to produce functional TGF-f (74, 211). However the problems
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faced here should be borne in mind when expressing other proteins, such as the
possibility of C-terminal tags interfering with processing, and mammalian TGF-3

from FCS present in purified proteins.
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Chapter 5:
Treg characterisation in
B. malayi infection
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5. Treg characterisation in B. malayi infection
5.1 B. malayi L3 larvae subcutaneous infection

My primary hypothesis was that Bm-TGH-2 produced by B. malayi signals
through the host’s TGF-f receptors, resulting in downregulation of the immune
response through induction of Tregs. A previous paper (203) showed that 12 days
after subcutaneous infection with Brugia pahangi L3, a CD25'CTLA-4" T cell
phenotype with increases in IL-10 and Foxp3 transcript levels could be seen in
splenocytes upon restimulation with B. pahangi antigen. These data indicate a Treg
induction by B. pahangi that is antigen specific and able to be seen after antigen
restimulation of a secondary lymphoid organ.

At the time of the Gillan study, reagents for Foxp3 flow cytometric staining
were not available, therefore I extended these experiments to measure Foxp3
expression by splenocytes ex vivo 12 days after subcutaneous injection of L3 Brugia
malayi larvae. Infections were carried out twice in separate experiments, and as can
be seen in Figure 5.1, a slight increase in the proportions of Foxp3" cells within the
CD4" population, and CD103" cells in the Foxp3" population was seen in the first
experiment, however this was not evident in the second experiment. As the spleen is
a secondary lymphoid site, any response induced by the infection (for instance a Treg
induction) will be diluted by the large numbers of naive cells already present at
steady state in the spleen. In order to more sensitively see changes induced by an
infection it is preferable to study the draining lymph node, or ideally the infection
site. To perform such studies, a model of B. malayi infection was used in which
parasites are introduced into the peritoneal cavity, which can subsequently be

lavaged to recover cells recruited to the site of infection (212).
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Figure 5.1: Tregs in the spleen following s.c. L3 B. malayi injection

BALB/c males were injected s.c. in the scruff with 50 B. malayi L3 larvae, and spleens taken 12
days later and analysed for expression of CD4, Foxp3 and CD103 by flow cytometry. (A) and (B)
show 2 independent experiments. (C) shows bivariate plots from representative samples of
experiment 1, and are gated on CD4 " cells. N.S. = non-significant, ** = P<0.01, *** = P<0.001

136



5.2 Treg induction by intraperitoneal Brugia malayi 1.3

We hypothesised that B. malayi induces a Treg response during infection, and
that this could be detected most sensitively at the infection site. In order to
investigate this, mice were injected intraperitoneally with infective L3 larvae, and
peritoneal lavages taken at various timepoints. These were analysed ex vivo by flow

cytometry for Treg-associated markers.

5.2.1 Characterisation of day 7 B. malayi L3 peritoneal Tregs

Groups of male BALB/c mice were injected intraperitoneally with B. malayi
L3, and peritoneal lavage cells taken at day 7 after infection. These were analysed by
flow cytometry for expression of Treg associated markers (Figures 5.2 and 5.3).
Significant increases in percentages of Foxp3 within the CD4 population, (Figure
5.2A and B) and CD103 in the CD4 Foxp3" population (Figure 5.2C and D) were
seen between B. malayi L3 i.p. infections and controls. The CD4 Foxp3" cells also
significantly upregulated expression of CD25 (Figure 5.3B and C), with a trend for
an increase in CTLA-4 expression in this experiment (Figure 5.3E and F). The
increase in CTLA-4 expression reached significance in most other experiments. Thus
the induced Tregs were CD4'CD25"CTLA-4"Foxp3" and a subset were CD103",
and so resembled activated natural Tregs (135). Changes were also seen in the
CD4'Foxp3™ T effector population, with significant decreases in proportions of
CD25" cells (Figure 5.3A and C), and increases in CTLA-4" cells (Figure 5.3D and
F) in this population. CD103 staining on Foxp3™ cells was almost undetectable

(Figure 5.2D).
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5.2.2. B. malayi 1.3 induce an increase in Treg cell numbers

The increase in cells expressing Treg associated markers was also seen in
total cell numbers (Figure 5.4). In 4 repeat experiments, B. malayi L3 infected
peritoneal lavages showed an increase of 4.5-fold, 5-fold, 13-fold and 5.5-fold in
Foxp3" absolute cell numbers above controls (Figure 5.4C), whereas CD4 Foxp3
cell numbers only showed an increase of 3-fold, 3-fold, 10-fold and 2.5-fold
respectively (Figure 5.4E). These results show that the increase in proportion of
Foxp3" cells within the CD4" population is not due to a reduction in Foxp3~ cell
numbers, but rather an overwhelming increase in numbers of Foxp3™ Tregs,
indicating that the Tregs are actively induced to proliferate or are recruited from

elsewhere in the host.

5.2.3. B. malayi L3 i.p. infection timecourse

To appraise the kinetics of Treg expansion in the three weeks following
infection, data were aggregated from a number of experiments in which mice were
infected with B. malayi L3 larvae, in terms of Foxp3" proportions of the CD4"
population (Figure 5.5A) and CD103" proportions of the CD4 Foxp3" population
(Figure 5.5B). At all timepoints studied, live L3 larvae could be recovered from the
peritoneum of infected mice. Infection caused an increase in Foxp3™ expression
within the CD4" population at day 7, which decreased to control levels in later
timepoints, continuing to negative values compared to controls at day 21, which
reached significance in one of two repeat experiments (Figure 5.5A).

CDI103 expression within the CD4 Foxp3" population was increased

significantly in infected mice at most timepoints (Figure 5.5B). These results
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indicate that while the early increase in proportion of Foxp3" within the CD4"
population is not sustained over time, the Foxp3" population retains higher CD103
expression, possibly indicating that a heightened state of Treg activation pertains
throughout infection. Interestingly, CD103 expression on Foxp3™ cells was highly
significantly increased at later timepoints after infection, indicating CD103
expression is dynamic, and may reflect further activation of Tregs, or the
requirement for their retention at the effector site.

Statistical analysis of these pooled data was not possible as control levels of
Foxp3 expression were statistically different between experiments. Each experiment
was analysed separately for differences between control and infected levels by
Student’s t test, with statistical significances for each replicate experiment separately
shown in Table 5.1. All significant differences are increases from controls unless

indicated.
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Table 5.1: Individual statistics for each timepoint after L3 B. malayi infection

Timepoint | Foxp3™ % of CD4" cells CD103" % of
CD4 Foxp3" cells
Day 7 p.i. Expt 1: ** =0.0097 Expt 1: ** =0.0058
Expt 2: ** =0.0011 Expt 2: *** =0.00029
Expt 3: ** =0.0018 Expt 3: *** =0.000027
Expt 4: *** =0.0000061 Expt4:N.S.=0.11
Day 12 p.i. Expt 1: ** =0.0051 Expt 1: ** =0.0065
Expt 2: * =0.042 Expt 2: * =0.048
Expt 3: N.S. =0.29 Expt 3: N.S. =0.29
Day 14 p.i. Expt 1: N.S. =0.32 Expt 1: N.S. =0.17
Expt 2: N.S. 0.96 Expt 2: N.S. =0.45
Day 21 p.i. Expt 1: N.S. =0.98 Expt 1: ** =0.0085
Expt 2: * =0.022 (Decrease) | Expt 2: ** =0.0036

5.2.4. Dead B. malayi L3 control

It was important to ensure that the observed increase in Foxp3" cells was not
due to any immune response taking place in the peritoneal cavity, therefore as the
closest possible control to an anti-parasite response, B. malayi L3s were killed by
heating to 65°C for 10 min before injecting intraperitoneally, and compared to live
infection over a timecourse as before. Dead L3s were shown to induce a peritoneal
response with no increases in proportions (Figure 5.6A) or numbers (Figure 5.6B) of

Foxp3" cells over intraperitoneal media injections, unlike live L3s. Dead L3s did
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induce a small effector response in the peritoneal cavity at day 7 after injection
however, as total cell numbers (Figure 5.7A) increased, although CD4" cell numbers
(Figure 5.7B) remained unchanged. Thus, the Treg induction seen in B. malayi

infection is an active process as it depends on the presence of live parasites.

5.2.5. Characterisation of effector response induced by L3 B. malayi infection

At day 7 post-infection with either dead or live L3s, the total cell population
recruited to the peritoneum was examined by flow cytometry. A trend for an increase
in numbers (but not proportions) of F4/80" macrophages was seen in live L3
infection only (Figure 5.8A and B). This increase in macrophage numbers reached
significance in some other L3 experiments, however this was very variable.
Proportions and numbers of SIGLEC-F' eosinophils (Figure 5.8C and D) and
GR1'SIGLEC-F neutrophils (Figure 5.8E and F) were also significantly increased
with live L3s only. Thus, only live L3 infection recruited a significant population of
TH2 effector cells. The lack of a strong response seen in dead L3 B. malayi injection
indicates that dead L3 are quickly cleared from the peritoneal cavity by innate
immune mechanisms to which live parasites are not susceptible.

Splenocytes were also prepared from these mice, and restimulated for 72 h
with B. malayi adult worm homogenate, then assayed for cytokines in the
supernatants by ELISA. There was a specific response of the live L3-exposed
splenocytes to adult B. malayi antigen, resulting in production of the TH2 cytokines
IL-4 (Figure 5.9A), IL-5 (Figure 5.9B) and IL-13 (Figure 5.9C). Dead L3 injection
did not result in a significant increase in the TH2 cytokines, but there was a small

trend towards a TH2 response. Therefore, although dead L3s did appear to induce a
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small TH2 response, with recruitment of cells to the peritoneum, this response is

either smaller, or not as sustained, as the response induced by live parasites.

5.2.6. Splenic response to B. malayi L3 i.p. infection

The response in the spleen to i.p. L3 infection was also assayed ex vivo by
flow cytometry. No significant differences in proportions of Foxp3" cells with the
CD4" population (Figure 5.10A) or CD103" cells within the CD4 Foxp3 " population

(Figure 5.10B) could be seen at any timepoint.

5.2.7. Summary of Treg induction by intraperitoneal Brugia malayi 1.3

The results above show that intraperitoneal B. malayi L3 injection induces a
transient Treg induction at the infection site. However, as the mouse model is not
fully tolerant to the B. malayi lifecycle, the effect of later lifecycle stages cannot be
assessed using the L3 larvae infection model. In order to look at later lifecycle
stages, a model of B. malayi infection where adult parasites were introduced to the

peritoneal cavity was used.
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Figure 5.2: Treg markers in the PL 7 days after i.p. L3 B. malayi infection

Peritoneal lavage samples were taken from BALB/c males 7 days after injection of 50 L3 B.
malayi or controls of media, then analysed by flow cytometry for expression of Treg markers.
Graphs shown are 1 representative experiment of 4 repeats, showing Foxp3" % of CD4" cells
(A), and CD103" % of Foxp3" (C) and bivariate plots shown are representative samples of
experiment shown, showing CD4 vs Foxp3, gated on lymphocytes by FSC and SSC (B) and
CD103 vs Foxp3, gated on CD4" cells (D). Isotype control shown for Foxp3 vs CD4 (B)
contains anti-CD4 antibody to allow for gating on the CD4" population, and so is only a control
for Foxp3 staining. *** = P<0.001.
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Figure 5.3: Treg markers in the PL 7 days after i.p. L3 B. malayi infection

Peritoneal lavage samples were taken from BALB/c males 7 days after injection of 50 L3 B.
malayi or controls of media, then analysed by flow cytometry for expression of Treg
markers. Graphs shown are 1 representative experiment of 4 repeats, showing CD25" % of
CD4 Foxp3™ cells (A), CD25 MFI of CD4 Foxp3" cells (B), CTLA-4" % of CD4 Foxp3”
(D) and CTLA-4 MFI of CD4 Foxp3" cells (E). Bivariate plots shown are representative
samples of experiment shown, showing CD25 vs Foxp3 (C), and CTLA-4 vs Foxp3 (F),
gated on CD4" cells. *** = P<0.001, ** = P<0.01, * = P<0.05, N.S. = non-significant.
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Figure 5.4: Treg numbers in the PL 7 days after i.p. L3 B. malayi infection

Peritoneal lavage samples were taken from BALB/c males 7 days after injection of L3 B. malayi or
controls of media, then analysed by flow cytometry for expression of CD4, Foxp3 and CD103.
Show are total PL cell numbers (A), and cell numbers of CD4" cells (B), CD4 Foxp3 " cells (C),
CD4'Foxp3'CD103" cells (D), CD4 Foxp3 cells (E), CD4 Foxp3'CD25" cells (F) and CD4 Foxp3
CTLA-4" cells (G). Data shown is from a representative experiment of 4 repeats. * = P<0.05, ** =
P<0.01, *** = P<0.001.
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Figure 5.5: Timecourse of PL Tregs after L3 B. malayi infection

Peritoneal lavage samples were taken from BALB/c males at 7, 12, 14 and 21 days after
injection with L3 B. malayi or controls of media, then analysed by flow cytometry for
expression of CD4, Foxp3, and CD103. (A) shows timecourse of Foxp3" % in CD4"
population, (B) shows timecourse of CD103" % in the CD4 Foxp3 " population. Graphs
shown are the pooled results from 4 experiments for day 7, 3 experiments for day 12, a
single experiment for days 14 and 2 experiments for day 21. The day 0 timepoint is a pool
of controls from all timepoints. The average of each experiment controls was subtracted
from all datapoints. (C) shows bivariate plots of Foxp3 vs CD103 median samples from
representative experiments.
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Figure 5.6: Timecourse of PL Tregs after dead or live L3 B. malayi infection
Peritoneal lavage samples were taken from BALB/c males at 7, 12, 14 and 21 days after
injection with live or dead L3 B. malayi or controls of media, then analysed by flow

cytometry for expression of CD4, Foxp3, and CD103. (A) shows a timecourse of Foxp3" %

in CD4" population, (B) shows a timecourse of CD103" % in CD4 Foxp3" population.
Graphs shown are single experiments at each timepoint. DO timepoint is a pool of controls
from all timepoints, with average of each experiment controls subtracted, to show normal
variation. (C) bivariate plots show CD4-gated Foxp3 vs CD103 median samples from
representative experiments. * = P<(.05, ** = P<0.01, *** = P<0.001, N.S.=Non-

Significant.

147

>



A. PL total cell numbers

*%

7- 1 [ ]
[ ]
6+ )
—_— [ ]
5+ ° ®
© ° °
)
34 L
x [ ]
2-
1-
L L L
Media Dead L3 Live L3
B. PL CD4+ cell numbers
400000- . s
1
® [ ]
¢ 300000+ ¢
o,
(7] [ ]
£
[ ]
- [ ]
5200000
% [ ] ° ) [ ]
© 1000004 e
C LI T L
Media Dead L3 Live L3

C. PL CD4+FoxP3+ cell numbers

xkk

f *%k% !
100000+ ®e
S ®
Q9
€ N.S.
= 1
£ 500004 °
@
© o, T oY
°® *
0 T T L
Media Dead L3 Live L3

Figure 5.7: PL Treg cell numbers 7 days after live or dead L3 B. malayi injection
Peritoneal lavage samples were taken from BALB/c males 7 days after i.p. injection of
media or, dead or live L3 B. malayi, then analysed by flow cytometry for expression of CD4
and Foxp3. Graphs show total cell numbers (A), CD4" cell numbers (B) and CD4 Foxp3"
cell numbers (C). N.S. = non-significant, ** = P<(.01, *** = P<0.001
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Figure 5.8: Innate immune cell recruitment after i.p. dead or live L3 B. malayi injection
Peritoneal lavage samples were taken from BALB/c males 7 days after i.p. injection of media
or, dead or live L3 B. malayi, then analysed by flow cytometry for proportions and numbers
of macrophages (F4/80") (A and B), eosinophils (SIGLEC-F'GR1") (C and D), and
neutrophils (SIGLEC-F'GR1") (E and F), all shown as a percentage of live cells (gated on
FSC/SSC to remove cell debris from calculations). ** = P<0.01, *** = P<(0.001, N.S. = non-
significant.
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Figure 5.9: Restimulation cytokines after dead or live L3 B. malayi injection
Splenocytes were prepared from BALB/c male mice injected i.p. with medium, or dead or
live L3 B. malayi 7 days previously, and restimulated with B. malayi antigen for 72 h.
Supernatants were taken and used in cytokine ELISA. Shown is antigen-specific
(unstimulated levels subtracted) production of IL-4 (A), IL-5 (B) and IL-13 (C).
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Figure 5.10: Tregs in the spleen after i.p. L3 B. malayi infection

Splenocytes were prepared from BALB/c males at 12, 14 and 21 days after injection with L3
B. malayi or controls of media, then analysed by flow cytometry for expression of CD4,
Foxp3, and CD103. Graphs shown are the pooled results from 2 experiments at the D7
timepoint, 3 experiments at the D12 timepoint, and single experiments for the D14 and D21
timepoints. (A) shows Foxp3 % of CD4", (B) shows CD103 % of CD4 Foxp3". (C) bivariate
plots are representative of each timepoint, and are gated on CD4" lymphocytes. No significant
differences were found.
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5.3. Intraperitoneal adult B. malayi Treg induction

I wanted to study the effect of later B. malayi developmental stages of
infection on the mouse model, using implantation of adult parasites into the
peritoneal cavity. It has been previously shown that adult and L3 larvae of B. malayi
induce similar downregulated TH2 responses in the mouse, characterised by
suppressive macrophages. We hypothesised that a similar Treg induction would also

be evident in adult infection.

5.3.1. Characterisation of day 7 B. malayi adult peritoneal Tregs

Adult B. malayi were implanted intraperitoneally in BALB/c mice, and again
Treg associated markers on peritoneal lavage cells were assayed by flow cytometry
at day 7 post-implantation. As in the L3 infection, an increase in percentages of
Foxp3" cells in the CD4 " population (Figure 5.11A and B), and CD103" cells within
the CD4 Foxp3" population (Figure 5.11C and D) was seen, indicating an expansion
and activation of the Treg population. Both CD25 (Figure 5.12B and C) and CTLA-4
(Figure 5.12E and F) expression were increased on the CD4 Foxp3" population. In
the CD4 Foxp3™ population, a decrease in CD25 expression (Figure 5.12A and C),
and an increase in CTLA-4 expression (Figure 5.12D and F) were seen.

Adult implant resulted in an increase in total (Figure 5.13A) and CD4"
(Figure 5.13B) cell numbers. The increases in proportion of Treg markers were again
reflected in cell numbers, as increases in CD4'Foxp3’ (Figure 5.13C) and

CD4 Foxp3'CD103" (Figure 5.13D) cell numbers were seen.
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5.3.2. B. malayi adult infection timecourse

A similar timecourse to L3 infection was run, with timepoints at days 7, 11,
12 and 20 post-implanation (Figure 5.14). Treg induction was seen in a similar
manner to L3 infection, with a peak of Foxp3 proportions of the CD4" population at
day 7, which is not sustained to later timepoints (Figure 5.14A). The percentage of
CD103" cells within the CD4 Foxp3" population was also increased with infection,
and levels are significantly increased at every timepoint shown (Figure 5.14B),
indicating the Tregs present are more active than at steady state, possibly due to the
presence of host or parasite-derived TGF-f. As in section 5.2.2, control levels of
Foxp3 expression were statistically different between experiments so data could not
be statistically analysed as a pool, and so statistical significances for each replicate
experiment were calculated separately using Student’s t test, and are shown in Table
5.2.

Table 5.2: Individual statistics for each timepoint after adult B. malayi infection

Timepoint | Foxp3" % of CD4" cells CD103" % of
CD4 Foxp3" cells
Day 7 p.i. Expt 1: *=0.032 Expt 1: *** =0.0000041
Expt 2: ** =0.0076 Expt 2: N.S. =0.60
Expt 3: N.S. =0.19 Expt 3: #** = <0.0001
Day 11 p.i. Expt 1: N.S. =0.25 Expt 1: * =0.038
Day 12 p.i. Expt 1: N.S. =0.059 Expt 1: ** =0.0086
Day 20 p.i. Expt 1: N.S. =0.15 Expt 1: *** =0.00012
Expt 2: N.S. =0.71 Expt 2: *** =<0.0001
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5.3.3. Dead B. malayi adult control

A timecourse was also run using a control of dead parasites (adults killed by
freeze-thawing), to day 20 with no Foxp3 induction seen if the parasites were dead
(Figure 5.15A). However, at day 7 in the timecourse shown no CD103" induction on
the Foxp3™ Tregs was seen (Figure 5.15B), unlike other experiments (e.g. Figure
5.14B) in comparison of live adult implant to controls alone. At day 20, dead
parasites caused an increase in CD103" proportions of the CD4 Foxp3" population,
unlike all other timepoints. This is at odds with the other data from dead parasite
implants, and a repeat of the day 7 and 20 timepoints with dead parasite implantation

1s needed to confirm these results.

5.3.4. Summary of Intraperitoneal adult B. malayi Treg induction

Overall, the data from the adult implant model closely reflects that of the L3
infection model, indicating the same mechanism may be acting here.

In both models a transient activated Treg induction is seen
(CD103 Foxp3'CD4") with a concurrent suppression of CD25 and induction of
CTLA-4 on the CD4 Foxp3™ cells. The parasite must be alive in order to induce
Tregs, indicating active processes, and we may infer that these may include the

release of immunomodulatory molecules, such as TGF-f§ homologues.
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Figure 5.11: Treg markers in the PL 7 days after B. malayi adult implant

Peritoneal lavage samples were taken from BALB/c males 7 days after implantation of
adult B. malayi or sham surgery controls, then analysed by flow cytometry for expression of
Treg markers. (A) shows Foxp3” % in CD4 population, (B) shows representative plots of
CD4 vs Foxp3 (gated on lymphocytes by FSC and SSC). (C) Shows CD103 in the

CD4 Foxp3" population, (D) shows representative plots of Foxp3 vs CD103 (gated on
CD4" cells). A representative experiment of 3 repeats is shown here.. *** = P<0.001, ** =
P<0.01, N.S. = Non-Significant.
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Figure 5.12: Treg markers in the PL 7 days after B. malayi adult implant

Peritoneal lavage samples were taken from BALB/c males 7 days after implantation of adult
B. malayi or sham surgery controls, then analysed by flow cytometry for expression of Treg
markers. (A) shows CD25" % in Foxp3™ population, (B) shows CD25 MFI in the
CD4'Foxp3" population, and (C) shows representative plots of Foxp3 vs CD25 (gated on
CD4" cells). (D) shows CTLA-4" in CD4 Foxp3’, (E) shows CTLA-4 MFI in the

CD4 Foxp3" population, and (F) shows representative plots of CTLA-4 vs Foxp3 (gated on
CD4" cells). A representative experiment of 3 repeats is shown here. *** = P<0.001, ** =
P<0.01, N.S. = Non-Significant.
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Figure 5.13: Treg numbers in the PL 7 days after B. malayi adult implant

Peritoneal lavage samples were taken from BALB/c males 7 days after adult B. malayi
implant or sham surgery controls, then analysed by flow cytometry for expression of CD4,
Foxp3 and CD103. Graphs show total PL cell numbers (A), CD4" cell numbers (B),

CD4 Foxp3" cell numbers (C) and CD4 Foxp3 'CD103" cell numbers (D). Shown is a
representative experiment of 3 repeats. * = P<0.05, ** = P<0.01, *** = P<0.001 (1-way
ANOVA)
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Figure 5.14: Timecourse of Treg markers in the PL after B. malayi adult implant

Peritoneal lavage samples were taken from BALB/c males at 7, 11, 12 and 20 days after
implantation with adult B. malayi or control mice, then analysed by flow cytometry for
expression of CD4, Foxp3, and CD103. At D7 and D12 timepoints controls are sham surgery, on
D11 and D20 timepoints controls are naive mice. (A) shows Foxp3” % of CD4" and (B) shows
CD103" % of CD4 Foxp3", timecourses are pooled results from 3 experiments for the day 7
timepoint, single experiments for days 11 and 12 and 2 experiments at day 20. (C) shows
bivariate plots of CD103 vs Foxp3 of median samples from representative experiments, and are
gated on CD4 " lymphocytes.
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Figure 5.15: Timecourse of Treg markers after live or dead B. malayi implant
Peritoneal lavage samples were taken from BALB/c males at 7, 11, and 20 days after

D20 Live

implantation with live or dead (freeze-thawed) adult B. malayi or controls of sham surgery,
then analysed by flow cytometry for expression of CD4, Foxp3, and CD103. (A) shows
Foxp3" % of CD4" cells and (B) shows CD103" % of CD4 Foxp3" cells, shown are single
experiments for each timepoint. (C) shows representative Foxp3 vs CD103 bivariate plots of
each timepoint, gated on CD4" lymphocytes. * = P<0.05, ** = P<0.01, N.S.=Non-
Significant.
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5.4. Strain difference in tolerance of B. malayi

BALB/c mice tolerate B. malayi L3s longer than C57BL/6 mice (194), and
male mice are more tolerant than females (213). To investigate whether these
differences in susceptibility are due to differences in Treg induction, female
C57BL/6 (least tolerant) and male BALB/c (most tolerant) mice were infected with
L3 or adult B. malayi as in previous experiments.

In L3 infection, Foxp3" proportion of the CD4" population increased in both
strains at day 7 post-infection (Figure 5.16A), but no increase was seen in C57BL/6
female mice at day 12 post-infection (Figure 5.16C), as opposed to BALB/c males at
the same timepoint (Figure 5.16B). However, when the day 12 timepoint was
repeated with C57BL/6 males, a similar increase in proportions Foxp3" cells within
the CD4" population was seen.

In adult implant experiments, a significant increase in Foxp3" proportion of
the CD4 " population was seen in BALB/c males, but not in C57BL/6 females, at day
7 post-implantation (Figure 5.17A). When this experiment was repeated using
C57BL/6 males, a trend for an increase in Foxp3~ proportions of the CD4"
population was seen in both BALB/c males and C57BL/6 males after implant (Figure
5.17B).

These results, although inconclusive, may indicate a spectrum of
susceptibility to B. malayi that is reflected in Treg induction. BALB/c males are most
susceptible to infection, and also have the most sustained Treg induction. C57BL/6
females are least susceptible, and have the least sustained Treg induction. In between
these extremes are the C57BL/6 males (which in Figure 5.16A appear to have lower

Treg induction than BALB/c males), and, we may hypothesise, the BALB/c females.
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To investigate this further, infections of all the strains and sexes could be carried out.
L3 larvae and microfilaria in the peritoneal lavage were not counted in the
experiments shown here, and this data should be collected on repeats of these

experiments.
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Figure 5.16: Tregs in PL after L3 B. malayi infection of BALB/c or C57BL/6 mice.
Peritoneal lavage samples were taken after injection with L3 B.malayi or controls of media
1.p., then analysed by flow cytometry for expression of CD4 and Foxp3. The graphs show
Foxp3 proportions of the CD4" population in BALB/c males and C57 females 7 days after
infection (A), BALB/c males 12 days after infection (B), C57BL/6 females 12 days after
infection (C) and C57BL/6 males 12 days after infection (D) * = P<0.05, ** = P<0.01,
N.S.=Non-Significant.
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Figure 5.17: Tregs in PL after B. malayi adult implant in BALB/c or C57BL/6 mice.
Peritoneal lavage samples were taken after implantation with B. malayi or controls as
indicated, and analysed by flow cytometry for expression of CD4 and Foxp3. Graphs show
FoxP3" proportions of the CD4 " population 7 days after implantation of BALB/c males or
C57BL/6 females (with naive controls) (A) or BALB/c males and C57BL/6 males (with
sham surgery controls) (B). * = P<0.05, N.S.=Non-Significant.
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5.5. Proliferation history of peritoneal lavage Tregs

The increased percentage of Foxp3" Tregs within the CD4" peritoneal cavity
population could be due to recruitment or expansion of existing Foxp3" Tregs, or
induction of Foxp3 in Foxp3™ naive T cells. BrdU incorporation was used to
investigate whether the Foxp3" cells in the peritoneal cavity had proliferated to a
greater degree than those in naive animals. BrdU was administered by injection 24
hours before the animals were culled, to show within a defined period of time
whether the Tregs or Teffectors were proliferating to a greater extent, at day 3, 6 and
7 post-infection timepoints. The levels of BrdU incorporation in the PL Foxp3"
population were not significantly higher than controls in infected animals (Figure
5.18C), however neither were they higher in the Foxp3™ population, except on day 6
(Figure 5.18B). This is surprising as during a productive immune response the
effector cells proliferate to cognate antigen, and at the effector site it would be
expected than the majority of effector cells were proliferating.

Although this data is inconclusive, it suggests the Foxp3" cells in the
peritoneum have not proliferated to a greater extent than in the steady state, and
therefore may either have been recruited from the existing Foxp3 " natural Treg pool,

or may have upregulated Foxp3 without proliferation.
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Figure 5.18: Proliferation history of PL T cells after L3 B. malayi infection

Peritoneal lavage samples were taken from BALB/c mice after infection with L3 B. malayi, with 1
mg BrdU injected i.p. 24 hours before culling. Samples were then analysed by flow cytometry for
levels of BrdU, CD4 and Foxp3. Graphs show Foxp3" proportions of CD4" population (A), BrdU"
proportion of CD4 Foxp3” population (B) and BrdU" proportion of CD4 FoxP3" population (C), with
naive control levels (from relevant timepoint) subtracted. Bivariate plots show representative samples
from each timepoint, gated on CD4+ lymphocytes (D). *** = P<0.001
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5.6. Suppressive capacity of peritoneal lavage Tregs

The functional suppressiveness of the recruited Tregs was then tested, using a
suppression assay. CD4'CD25" and CD4'CD25 cells were sorted from the
peritoneal lavage of infected BALB/c and a naive spleen, by first positively purifying
by MACS for CD4" cells, then FACS sorting for CD4'CD25" cells and CD4'CD25
cells. The spleen separations had higher purity of Foxp3™ in the CD4'CD25" and
Foxp3™ in the CD4"CD25 than peritoneal lavage samples (see Figure 5.19) for a
number of reasons. Firstly, the peritoneal lavage samples contain large numbers of
activated cells, which are CD25" and Foxp3’, and so would be purified in the CD25"
population, reducing the proportion of Foxp3 " cells here. Also, the CD25" staining in
the peritoneal lavage was consistently weaker than in the spleen in all experiments,
and so not all the Foxp3" cells would be separated out by the CD25" gate, resulting
in some contamination of the CD25” population with Foxp3" cells.

CD4'CD25 cells were then stained with CFSE and mixed at a 1:1 ratio with
CD4'CD25" cells in the presence of suboptimal levels of anti-CD3. After 4 days of
restimulation, cells were analysed by flow cytometry and CFSE dilution used to gate
each division. As can be seen in Figure 5.20, B. malayi-induced Tregs are equally as
suppressive of splenic Teffectors as naive splenic Tregs, but they appear to be

slightly less suppressive than splenic Tregs when cultured with PL Teffectors.
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Figure 5.19: Separation of spleen and PL. CD4'CD25" and CD4'CD25" cells
Naive spleen cells (A) and peritoneal lavage samples (day 7 after B. malayi L3 infection, 15
mice pooled) (B) were positively selected for CD4" cells by MACS (CD4" cell plots), and

sorted by FACS for CD4'CD25" and CD4'CD25" cells. Shown are bivariate plots gated on
live cells (by FSC/SSC profile).

167

cbh4'cD25"
FACS sorted

CD4'CD25
FACS sorted

cDh4'cD25"
FACS sorted

CD4'CD25
FACS sorted



Splenic PL
responders responders
2000
600
1500
Responders ¢ £
alone =000 »
200
500
O =y T T T O —wrg=rrem Tr T Ty
0 102 10° 104 10° 0 10? 10% 104 10°
<FITC-A>: CFSE <FITC-A>: CFSE
800 600
Responders oo
. " £4007
+ splenic 8 8
Tregs .
200
200
0 L T T T O —fvrreepr=rrrmry T T Ty
0 102 10° 104 10° 0 10? 10% 104 10°
<FITC-A>: CFSE <FITC-A>: CFSE
1000 +
600
800
Responders ool o]
+PL Tregs = 8
u400* *
200
200
0 T T T

T T T T T T T
0 10% 10° 10 10°
<FITC-A>: CFSE

Naive Splenic CD25- Responders

‘ ‘ ‘
0 102 10° 10t 10°

<FITC-A>: CFSE

L3 PL CD25- Responders

40- 35+

30+

o 30+ 25
Q

2 2 204

5 207 B 45
X X

10- 10

5-

c J J 4 J 4 1 c L 4 4 J 4 1
GO G1 G2 G3 G4 G5+ GO G1 G2 G3 G4 G5+
Generations Generation

—a— Responders alone

—»— Responders + PL CD25+
—e— Reponders + Splenic CD25+

Figure 5.20: Suppression assay of splenic or PL Tregs

Lymphocytes were isolated from either a naive BALB/c spleen or a pool of 15 live day 7 L3 B.
malayi infected peritoneal lavages, then separated into CD4 CD25" or CD4'CD25 by MACS and
FACS sorting. CD4'CD25" cells were CFSE stained and stimulated with anti-CD3 for 4 days in
presence or absence of CD4'CD25" cells as indicated. Graphs show percentage of cells in each
division based on CFSE dilution. FACS plots show CFSE staining on CD4" live cells, based on
intermediate DAPI staining. Error bars indicate SEM of duplicate wells, where available.
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5.7. Discussion

The data presented here support the hypothesis that helminth parasites
amplify the host regulatory T cell network, postulated to be a key factor in the ability
of parasites to evade host immunity (214, 215). I began by building on the results of
Gillan et al, that s.c. infection with L3 B. malayi induces a Treg response in the
spleen (159). My results indicate that if this population is detectable ex vivo, it is
diluted in the spleen, a large lymphoid organ. Therefore, I moved on to a model
where the T cell population recruited to the site of infection could be examined, in
the peritoneal cavity.

Both the initial invasive stage (the L3 larvae), and the long-lived adult
parasite elicit a significant expansion in Treg numbers, and stimulate upregulation of
the activation-associated markers CD25, CTLA-4 and CD103. Enhancement of the
regulatory population has also been observed in several other helminth infections,
including the rodent filaria L. sigmodontis (160), the gastrointestinal nematode H.
polygyrus (21, 216), and the trematode parasite of man, S. mansoni (217, 218). It is
likely that an immunological challenge of any nature will induce some element of
Treg activity, as a homeostatic guard against inappropriate responsiveness; however,
in these infections I document a preferential expansion of the regulatory phenotype.
Interestingly, the relative proportions of regulatory and effector cells may change
over the course of infection (21, 164, 218, 219), perhaps allowing the responder
population in due course to overcome regulation and eliminate the parasites.

Beyond numbers alone, however, both regulatory and non-regulatory
populations show important qualitative differences in phenotype. The data presented

in this chapter shows that Tregs following B. malayi infection show increased levels
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of CD103, a marker associated with stronger suppressive activity (220), and
retention of Treg at the site of infection (120). The data also indicate significant
upregulation of CD25 and CTLA-4 on the Foxp3" population, and as these are
variously described as either transient activation markers or regulatory T cell
markers, this also indicates these Tregs may be activated. In addition, the
nonregulatory (Foxp3") population also show higher CTLA-4 expression, as indeed
observed in both H. polygyrus (21) and L. sigmodontis (160) infections. In the latter
case anti-CTLA-4 treatment, in conjunction with anti-CD25 antibody, abrogates
suppression and enhances parasite killing (221). It is notable that a very similar
profile has been observed in human filarial infections, in which CTLA-4 expression
is elevated on the peripheral T cell population, and anti-CTLA-4 antibody treatment
uplifts cytokine responsiveness of T cells from filarial patients (45, 158). CTLA-4
expression on CD4 Foxp3™ T cells has also been shown to be necessary for Treg
induction through the TGF-p pathway (127), and so a further possibility is that
CD4 'CTLA-4"Foxp3™ T cells may be primed for Foxp3 induction later in the course
of infection.

The fact that only live parasites can induce Foxp3 within the CD4 population
is consistent with both field and laboratory data linking active infection to immune
regulation. For example, in human studies, T cell responsiveness is regained after
drug-induced parasite killing (38). Moreover, live L3 larvae have been shown to
directly inhibit cytokine production by human lymphocytes in vitro (45). These
results imply that immunomodulatory products of viable parasites are released within

the infected host, possibly implicating Bm-TGH-2 in this process.
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The proliferation history of the PL Tregs was assessed by BrdU staining.
These data may indicate that Tregs at the site of infection are not proliferating at
increased levels to naive animals, despite their increased proportions at the site of
infection. A possible explanation for this is that the Tregs have not proliferated in
order to increase their numbers, but instead have been recruited from elsewhere in
the host. If the Tregs in this model could be shown to be antigen specific, and to
proliferate to antigen in vitro (such as in the Leishamania major model (155)) this
would argue against a recruitment of natural Tregs, and instead argue for an antigen-
specific induction. This experiment was also only carried out once, with variable
BrdU staining (see Figure 5.18D), so should be repeated to confirm these results.

The Treg suppression assay results presented here show that the Foxp3"
population is functional, and can suppress polyclonal responses in vitro. When
compared to conventional naive natural Tregs from the spleen, the levels of
suppression seen were indistinguishable. This was surprising, as an increase in
suppressive activity was hypothesised due to the activated/effector phenotype of the
Tregs that accumulated in the PL (CD4'CD25"CTLA-4"CD103"). CD103" Tregs in
particular are highly suppressive in some models (135). In Heligmosomoides
polygyrus infection, Tregs in the draining mesenteric lymph node have higher per-
cell suppressive ability than those in naive animals (222), and these Tregs show a
similar increase in CD103 expression to that seen in the B. malayi model. However,
increased suppressive capacity seen in H. polygyrus infection was seen at later
timepoints (day 28 after infection, when the infection has become patent) than those
used here. Similarly to our data, increases in proportions of Treg markers within the

CD4" population were only associated with early timepoints. Therefore it may be
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that increased suppressive capacity is associated with patency, once proportions of
Tregs have fallen to control levels. This model suggests a two-step process of Treg
control of anti-parasite immune responses, where at early timepoints Tregs expand
more quickly than the effector population, but retain normal levels of suppressive
ability, followed at later timepoints by further activation and enhancement of
suppressive ability of the Treg population without further expansion.

Thus, at early timepoints effector responses could be controlled by increased
Treg to Teffector ratios, whilst at later timepoints the ratio would return to normal,
but the Tregs could more potently suppress at a per-cell level. This could reflect the
situation in Teffector responses which first expand rapidly to cognate antigen as THO
cells, followed by commitment to a THI or TH2 pathway to best control an
infection. Further experiments need to be carried out to test this hypothesis in the B.
malayi infection model, including Treg suppression assays over a timecourse after
infection, and identification of factors inducing the expansion and activation of
Tregs. To repeat these experiments, the Foxp3-GFP mouse would be useful, as this
enables FACS-sorting of Tregs by Foxp3 rather than the less reliable marker of
CD25 used here. Due to the fact that the PL population contains CD4 Foxp3 CD25"
effector cells, the CD4'CD25" population contained a smaller proportion of Foxp3"
cells than the naive splenocyte CD4 CD25" population, in which the only CD25"
cells are Tregs.

In conclusion, the results presented here indicate that in a mouse model
filarial parasites expand the frequency and activity of Foxp3-expressing T cells at the
site of infection, and that these cells have functional in vitro suppressive capacity

indicative of regulatory T cells. As the mouse is not fully susceptible to the parasite,
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this result suggests that an initial immune subversion mechanism is accompanied by
an effector cell response which can eventually outpace regulation and kill the
filariae. If a similar dynamic relationship exists in human infections, with regulatory
and effector mechanisms in contention, this may help explain the spectrum of
immunological and pathological outcomes that ensue in filariasis. Furthermore, by
understanding the factors which promote or impede regulatory mechanisms in
helminth infection, intervention can aim to reverse this activity and generate an

immunological cure for disease.
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6. Mechanism of Treg accumulation at the site of B. malayi infection
6.1. Adoptive transfer model
6.1.1. B. malayi adult implants induce Foxp3 in a bystander response

As shown in chapter 5, B. malayi induces a Treg response at the effector site.
To investigate the antigen specificity of the Tregs induced, adoptive transfer
experiments were carried out, inducing a response to an irrelevant antigen in the
context of an infection. DO11.10 splenocytes were transferred into naive BALB/c
males, which were then infected with B. malayi, followed by transfer of OVA
peptide-loaded LPS-stimulated BMDCs.

In order to show that B. malayi antigens do not crossreact with the OVA-
specific DO11.10 TcR, DOI11.10s were transferred into BALB/c’s with or without
infection and with or without DC transfer (Figure 6.1). In both the spleen and the PL,
the DO11.10 population did not expand in the absence of pOVA-loaded DC transfer,
indicating B. malayi antigens do not cross-react with the DO11.10 TcR (Figure 6.1A
and B). Adult B. malayi implant did not affect the expansion of DO11.10s to OVA
peptide stimulation, as similar proportions of DO11.10 cells were present in controls
or live implant (Figure 6.1A and B). However, within the DO11.10 population live
B. malayi implant induced a higher proportion of Foxp3" cells (Figure 6.1C),
suggesting the Treg induction by B. malayi can also affect bystander responses to

irrelevant antigens.

6.1.2. Adult implant-induced TH2 switch in bystander effector response

Splenocytes from this experiment were restimulated with pOVA, and

supernatants taken for the TH2 cytokines IL-4, IL-5 and IL-10 ELISA (Figure 6.2).
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Implantation of live or dead parasites induced trends for increases in these cytokines,
which reached significance in the IL-4 ELISA (Figure 6.2A). This suggests the

DO11.10 response may have been skewed towards a TH2 response.

6.1.3. B. malayi 1.3 infection induces Foxp3 in a bystander response

The adoptive transfer experiment described in section 6.1.1 was repeated
using B. malayi L3 larvae (Figure 6.3). A similar result as in the adult implant was
obtained: the presence of live parasites led to a higher proportion of Foxp3™ cells
within the DO11.10 population in 2 repeat experiments (Figure 6.3B and D), with no
difference in proportions of DO11.10 cells with B. malayi infection (Figure 6.3A and

O).

6.1.4. L3 infection-induced TH2 switch in bystander effector response

In the second L3 adoptive transfer experiment, splenocytes were restimulated
with pPOVA and supernatants tested for the presence of IL-4, IL-10 and IFN-y by
cytokine ELISA (Figure 6.4). Although no significant differences were seen between
groups, a trend for an increase was seen in IL-4 levels with the presence of live
parasites (Figure 6.4A), and a trend for a decrease in IFN-y levels (Figure 6.4C) was
seen in the presence of live or dead parasites, again arguing for a switch to a TH2
response in the bystander DO11.10 response.

The peritoneal lavage cells in the second L3 adoptive transfer experiment
were also stained for intracellular IL-4 and IFN-y ex vivo, but no differences were
seen between groups (Figure 6.5). The intracellular cytokine staining did not

corroborate the switch to TH2 suggested by the splenocyte restimulation ELISA
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data. This may be due to the PMA/lonomycin stimulus used in the intracellular
cytokine staining protocol, which is a very strong stimulus, and so could overcome
the TH1/TH2 balance seen in vivo. This may also explain the large proportions of IL-

4'TFN-y" double positive cells (Figure 6.5C).
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Figure 6.1: Foxp3 staining in

>
Foxp3

adoptively transferred DO11.10 cells after B. malayi adult implant

5x10° DO11.10 splenocytes were injected i.p. in BALB/c males and 1 day later were implanted with
live or dead adult B. malayi, or controls of sham surgery. A further day after implantation 3 groups
were injected i.p. with 5x10° pOVA-loaded, mature DCs. At day 7 post-implantation, PL and spleens
were taken and analysed by flow cytometry for expression of CD4, Foxp3 and KJ1-26 (DO11.10
TcR). Graphs show DO11.10 % within the CD4+ population in the spleen (A) and PL (B), and
Foxp3" % of the PL CD4" population (C). Bivariate plots of Foxp3 against KJ1-26 (gated on CD4"
cells) in (D) show representative samples of stained PL cells from each group. ** = P<(.01.
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Figure 6.2: Splenocytes from D011.10 adoptive transfer produce increased IL-4 in the
presence of adult implant

5x10° DO11.10 splenocytes were injected i.p. in BALB/c males and 1 day later were implanted
with live or dead adult B. malayi, or controls of sham surgery. A further day after implantation
3 groups were injected i.p. with 5x10° pOVA-loaded, mature DCs. Seven days after infection,
splenocytes from these mice were prepared and stimulated with 1 ug/ml pOVA for 72 h, then
supernatants taken and tested by ELISA for IL-4 (A), IL-5 (B) and IL-10 (C). Levels shown
have unstimulated levels subtracted from stimulated levels for each sample. ** = P<0.01
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Figure 6.3: Foxp3 staining in adoptively transferred DO11.10 after i.p. L3 B. malayi
infection

5x10° DO11.10 splenocytes were injected i.p. into BALB/c males, which 1 day later were
injected i.p. with live or dead L3 B. malayi, or media. A further day after infection they were
injected i.p. with 5x10° pOVA-loaded mature DCs. At day 7 post-infection, PL were taken and
analysed by flow cytometry for expression of CD4, Foxp3 and KJ1-26 (DO11.10 TcR). Graphs
in (A) and (C) show KJ1-26" % of CD4" population and (B) and (D) show Foxp3" % in the
CD4'KJ1-26" population. Bivariate plots in (E) show Foxp3 vs KJ1-26 on representative CD4'-
gated PL samples from each group in experiment 2. ** = P<(.01, * = P<0.05.
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Figure 6.4: Restimulation cytokine production from bystander DO11.10 cells after L3 B.
malayi infection

Splenocytes from mice from the experiment shown in Figure 6.3C-E were stimulated with 1
ug/ml pOVA for 72 h, then supernatants taken and tested by ELISA for IL-4 (A), IL-10 (B) and

IFN-y (C). Levels shown have unstimulated levels subtracted from stimulated levels for each
sample.
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IFN-y

Peritoneal lavage cells from mice from the experiment shown in Figure 6.3C-E were
intracellularly stained ex vivo for IL-4 (A) and IFN-y (B). Representative plots of IFN-y vs IL-4
are shown in (C), gated on CD4'KJ1-26" (DO11.10) cells.
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6.2. Host TGF-f blocking

I hypothesised that the Treg induction after B. malayi infection may be
dependent on the B. malayi TGF-p homologue Bm-TGH-2, and that the activated
Tregs induced may produce host TGF-f, thus feeding back and increasing the Treg
induction. Therefore, I decided to block host TGF-f by injections of anti-TGF-f, to

see if this reduced, or even ablated, B. malayi Treg induction.

6.2.1 Blocking host TGF-f3 does not ablate Treg induction

Male BALB/c mice were infected with L3 B. malayi as before, and anti-TGF-
[ monoclonal antibody (clone 1D11) was injected on days -1, 1, 3 and 5 from
infection. Rat IgG was injected as a control, however the anti-TGF-$ antibody is
derived from mouse. Therefore the isotype groups are not good controls for the anti-
TGF-f injections as the rat IgG will be recognised as non-self, whereas the mouse
anti-TGF-f will not. However, even with this caveat, this experiment should be able
to tell us something about the role of host TGF-f} during infection.

Treg induction with B. malayi infection was evident in both rat IgG injections
and anti-TGF-p groups, with increases seen in Foxp3' proportions of CD4" cells
(Figure 6.6A) and CDI103" proportions of CD4 Foxp3" cells (Figure 6.6B).
However, the rat IgG injections affected the peritoneal lavage population, as in the
medium with rat IgG control group the proportion of Foxp3™ cells was decreased
from levels seen in other experiments (mean of 10.5% here, compared to a mean of
16.5% in a representative experiment). This was also decreased from the Foxp3"
proportions of CD4" population in the anti-TGF-B control group. The CD103"

roportion of the Foxp3" population was also low in both the anti-TGF-f groups,
prop p> pop
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which could be expected as TGF-f3 is known to induce CD103 (99). Alternatively,
rat IgG in the control groups could induce artificially high levels of CD103
expression, especially as it was subsequently found to conatin TGF-3 (Figure 3.15B)

Splenocytes from the mice were also stained ex vivo for Treg markers, and as
can be seen in Figure 6.7, no change was seen in Foxp3" proportions of the CD4"
population with infection in the rat IgG injections groups. However, in the anti-TGF-
B injection groups, a decrease in Foxp3~ proportions of the CD4" population was
seen after infection compared to the control anti-TGF-f3 and sham surgery group, and
both anti-TGF-B groups have increased levels of Foxp3" proportions of the CD4"
population compared to the rat IgG injection groups (Figure 6.7A). The decrease in
Foxp3 levels in rat IgG injection groups may again be due to the effector response
against the rat IgG increasing levels of Foxp3~ cells.

In the spleen, proportions of CD103" cells of the CD4 Foxp3"™ population
were decreased with anti-TGF-f injections, again corroborating that anti-TGF-f3
reduces CD103 expression. In both the rat IgG and the anti-TGF- groups, infection
induced an increase in the CD103" proportion of the CD4 Foxp3" population (Figure
6.7B).

The above results from the PL and spleen are consistent with the hypothesis
that the Treg induction in B. malayi infection is dependent on a parasite-derived
TGF-f homologue, as this would not be blocked by anti-mammalian TGF-3
antibody. There may be a role for host-derived TGF-f in exacerbating this effect,
however in order to assess this, the experiment would have to be repeated with the

correct controls, and larger sample sizes.
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6.2.2. Blocking host TGF-§ increases cytokine responses

Restimulations of mediastinal lymph node (the draining lymph node for the
peritoneal cavity) cells were carried out for IL-4, IL-10, IL-5 and IL-13 cytokine
ELISA, while the cells were pulsed with tritiated thymidine to assay proliferation to
parasite antigen. As can be seen in Figure 6.8, increases in cytokine production to B.
malayi antigen are increased with administration of anti-TGF-$, however this
increase only reaches significance in IL-13 production (Figure 6.8H). In
unstimulated cultures, spontaneous cytokine production was only seen with anti-
TGF-f administration in B. malayi infection (Figure 6.8A, C, E and G). Therefore it
can be hypothesised that host TGF-f} controls the effector cell cytokine production.
Background proliferation was also increased with administration of anti-TGF-f3

(Figure 6.8I), with a trend for an increase in antigen-specific proliferation (Figure

6.81).
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Figure 6.6: Foxp3" cells accumulate in the PL after B. malayi adult implant in presence
of anti-TGF-f
Peritoneal lavage cells from BALB/c mice 7 days after adult B. malayi implant, with 100 ug
anti-TGF-f or rat IgG administered i.p. on day -1, 1, 3 and 5 after infection were stained for
flow cytometry with CD4, Foxp3 and CD103. Graphs shown are Foxp3" % of the CD4"
population (A), and CD103" % of the CD4 Foxp3" population (B). Shown in (C) are
representative plots from each group of Foxp3 vs CD103, gated on the CD4" population. ***
=P<0.001, ** =P<0.01, * = P<0.05.
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Figure 6.7: Foxp3 levels in spleen after anti-TGF-f treatment and adult B. malayi implant
Splenocytes were isolated from BALB/c mice 7 days after adult B. malayi implant, with 100 ug
anti-TGF-f or rat I[gG administered i.p. on day -1, 1, 3 and 5 after infection and were stained
for flow cytometry with CD4, Foxp3 and CD103. Graphs shown are Foxp3" % of the CD4"
population (A), and CD103" % of the CD4 Foxp3" population (B). Shown in (C) are
representative plots from each group of Foxp3 vs CD103, gated on the CD4" population. *** =
P<0.001, ** =P<0.01, * = P<0.05, N.S. = Non-significant
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Figure 6.8: Restimulation of LN cells after B. malayi adult implant with anti-TGF-§

administration

Mediastinal LN cells were isolated from mice from the experiment shown in Figure 6.6 and were
stimulated for 72 h with media (A, C, E, G and I) or adult B. malayi antigen (B, D, F, H and J).
Supernatants were then taken and tested by ELISA for IL-4 (A and B), IL-10 (C and D), IL-5 (E and
H) and IL-13 (G and H). The LN cells were also pulsed with *H-thymidine overnight and read on a
scintillation counter to show levels of proliferation (I and J). *** = P<0.001, ** = P<0.01, * =

P<0.05, N.S. = Non-significant
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6.3. Blocking TGF- Signalling

We hypothesised that parasite-derived TGF-p (such as Bm-TGH-2) may
induce Tregs to parasite antigens. As the Bm-TGH-2 mature domain is only 41%
identical to human TGF-f3 (96), it would be very unlikely to be blocked by anti-
mammalian TGF-§ monoclonal antibody. To address this, the TGF-f signalling
pathway can be interfered with, which should block both host and parasite-derived
TGF-f signalling. I used SB-525334, a specific inhibitor of ALK-5 (the TGF-f} type
I receptor chain) (223). Mice were injected with either 200 wg/mouse SB-525334 in
PBS:DMSO or vehicle (PBS:DMSO) s.c. in the flank 30 min before infection and
boosts on day 2, 4 and 6 after infection with L3 B. malayi. Doses higher than this

were found to be toxic (data not shown).

6.3.1. Subcutaneous Injection of ALK-5 Inhibitor

SB-525334 administration did not affect Foxp3" proportions of the CD4" T
cell population (Figure 6.9A), or CD103" proportions of the CD4 Foxp3"™ Treg
population (Figure 6.9B), similarly to results seen in anti-TGF- administration
(Figure 6.6). In contrast with the anti-TGF-p restimulation cytokine results (Figure
6.8) however, blockade of the TGF-p pathway did not have any effect on

restimulation cytokine levels (Figure 6.10).

6.3.2. Intraperitoneal Injection of ALK-5 Inhibitor
As none of the parameters measured changed with subcutaneous inhibitor
administration, there is a possibility that the inhibitor could not affect cells in the

peritoneal cavity when injected subcutaneously, although the closest possible
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subcutaneous injection site to the peritoneal cavity was chosen (the flank, adjacent to
the peritoneal membrane). Therefore, the experiment was repeated with
intraperitoneal injections of inhibitor or vehicle. However, when the peritoneal
lavage was taken from these mice, they were found to be highly contaminated with
blood, indicating either the repeated injections, or the toxic nature of the vehicle
DMSO, was causing damage to the peritoneal cavity. Therefore the peritoneal lavage
cells were discarded, as any results received would be unreliable due to
contamination of circulating leukocytes. The spleens from these mice were
restimulated for cytokine ELISA, and showed increased levels of antigen-specific
cytokine production, which reached significance compared to vehicle control groups
in IL-5 and IL-13 levels (Figure 6.11).

From these results it is difficult to tell if blockade of TGF-f signaling
prevents Treg induction in B. malayi infection. As no differences were seen with
subcutaneous injection of inhibitor, the inhibitor may not have reached the peritoneal
cavity. With intraperitoneal injection of inhibitor, although no data was retrieved
from the peritoneal lavage cells, antigen-specific cytokine responses increased,
reflecting the anti-mammalian TGF-f results. Therefore intraperitoneal injection of
inhibitor may have been effective in blocking TGF-f3 signaling at the site of

infection.
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Figure 6.9: PL Treg markers after i.p. B. malayi infection and s.c. TGF-R inhibitor
administration

BALB/c mice were injected with L3 B. malayi i.p., and ALK-5 inhibitor (Inhib) or
PBS:DMSO vehicle (Veh) injected s.c. on day 0, 2, 4 and 6 after infection. PL cells were
stained for flow cytometric staining for CD4, Foxp3 and CD103. Graphs show Foxp3"
proportions of the CD4" population (A) and CD103" proportions of the CD4 Foxp3"
population (B). *** = P<(.001, * = P<0.05.
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Figure 6.10: Restimulation cytokines after i.p. B. malayi infection and s.c. TGF-fR
inhibitor administration

BALB/c mice were injected with L3 B. malayi i.p., and ALK-5 inhibitor (Inhib) or
PBS:DMSO vehicle (Veh) injected s.c. on day 0, 2, 4 and 6 after infection. Splenocytes
were stimulated with B. malayi adult antigen for 72 h, and supernatants used in
cytokine ELISA for IL-4 (A), IL-5 (B), IL-13 (C) and IFN-y (D). All graphs are
antigen-specific, with unstimulated levels subtracted. ** = P<0.01, * = P<0.05, N.S. =
non-significant.
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Figure 6.11: Restimulation cytokines after i.p. B. malayi infection and i.p. TGF-fR
inhibitor administration

BALB/c mice were injected with L3 B. malayi i.p., and ALK-5 inhibitor (Inhib) or
PBS:DMSO vehicle (Veh) injected i.p. on day 0, 2, 4 and 6 after infection. Splenocytes
were stimulated with B. malayi adult antigen for 72 h, and supernatants used in cytokine
ELISA for IL-4 (A), IL-5 (B), IL-13 (C) and IFN-y (D). All graphs are antigen-specific,
with unstimulated levels subtracted. ** = P<0.01, * = P<0.05, N.S. = non-significant.

193



6.4. Infection of IL-4R-deficient mice

The Treg respone in B. malayi infection shown here is associated with a TH2
effector response. IL-4R signalling is essential for a productive TH2 response (14,
15), and induction of suppressive macrophages (223). Therefore in its absence, it
could be hypothesised that the TH2 effector response would be absent, and therefore
could result in an increased proportion of Foxp3" cells remaining. Conversely, in the
absence of IL-4R signalling and therefore suppressive macrophages, Treg induction
could also be absent, as suppressive macrophages could induce Tregs. To look at this
mechanism, IL-4R-deficient and wild-type mice were infected with B. malayi, and

the macrophage and Treg populations were examined.

6.4.1. B. malayi Treg response in IL-4R-deficient mice

BALB/c wild-type or IL-4R-deficient mice on a BALB/c background were
infected with L3 B. malayi and recruited cells assayed by ex vivo flow cytometry. As
can be seen in Figure 6.12, WT and IL-4R-deficient mice both had similar levels of
Treg induction (Figure 6.12A), however IL-4R-deficient mice had lost the
recruitment of eosinophils seen in wild-type mice (Figure 6.12B). Interestingly,
numbers of L3 B. malayi recovered in the PL were lower in IL-4R-deficient than
wild-type mice (Figure 6.12C). This may reflect the situation in L. sigmodontis
infection, where a mixed TH1/TH2 response is required for parasite killing, as 1L-4-
deficient mice cannot clear L. sigmodontis infection (170), and IL-5 and IFN-y-

deficient mice both have higher worm burdens than wild-type (171).
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6.4.2. Loss of AAMac in IL-4R-deficient mice

AAMacs cannot be induced in IL-4R-deficient cells (178), and AAMacs
induced in B. malayi infection are highly suppressive in vitro (212). As shown in
Figure 6.13A, F4/80" macrophage recruitment to the peritoneal cavity is lost in IL-
4R-deficient mice. The macrophages present in the IL-4R-deficient PL were tested
for suppressive capacity in an EL-4 (a continually proliferating thymoma cell line)
suppression assay, and as shown in Figure 6.13B, IL-4R-deficient macrophages
could not suppress proliferation. Therefore B. malayi AAMac induction is lost in the

absence of the IL-4R.

6.4.3. Cytokine responses to antigen in IL-4R-deficient mice

Splenocytes were isolated and restimulated with B. malayi adult worm
antigen. As can be seen in Figure 6.14A, IL-4 responses were increased in IL-4R-
deficient mice, presumably as no IL-4R-mediated uptake of IL-4 produced by innate
cells (e.g. NKT cells (202)) could occur. However the TH2 cytokines IL-5 (Figure
6.14B) and IL-13 (Figure 6.14D) were decreased in IL4R-deficient mice, indicating
IL-4R-deficient mice lack a functional TH2 response, which is backed up by the lack
of eosinophil recruitment (Figure 6.12B).

These results indicate that the Foxp3 induction seen in B. malayi infection is

independent of the presence of AAMacs.
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Figure 6.12: Response in PL after i.p. L3 B. malayi infection of WT or IL-4R-deficient mice
PL cells were taken from BALB/c or IL-4R-deficient mice 7 days after infection with 50 L3 B.
malayi i.p. and stained for CD4, Foxp3 and SIGLEC-F for flow cytometric staining. Graphs show
Foxp3" proportion of CD4" cells (A), SIGLEC-F" cell numbers (B) and numbers of L3 recovered
in the PL (C). (A) and (C) are pooled data from 2 repeat experiments, (B) is a single
representative experiment. *** =P < 0.001, ** =P<0.01, * =P<0.05
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Figure 6.13: Macrophage phenotype in PL after i.p. L3 B. malayi infection of WT or
IL-4R-deficient mice

PL cells were taken from BALB/c or IL-4R-deficient mice 7 days after infection with 50
L3 B. malayi i.p. and stained for F4/80 for flow cytometric staining. Graph (A) show
F4/80" cell numbers. Adherent cells were purified from the PL, and cocultured with EL-4
cells. Graph (B) shows scintillation counts from a tritiated thymidine incorporation assay.
*ak =P <0.001, ** =P<0.01, N.S. = non-significant.
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Figure 6.14: Restimulation cytokines after i.p. L3 B. malayi infection of WT or IL-4R-
deficient mice
Splenocytes were prepared from BALB/c or IL-4R-deficient mice 7 days after infection with
50 L3 B. malayi i.p. and cultured for 72 h in media or 10 ug/ml B. malayi antigen.
Supernatants were then tested for IL-4 (A), IL-5 (B), IL-10 (C), IL-13 (D) and IFN-y (E) by
cytokine ELISA. Graphs shown are antigen-specific cytokine with media levels subtracted,
and are representative of 2 repeat experiments. ** =P < 0.01, * = P<0.05.
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6.5. In vitro Treg Induction

The data presented in chapter 5 and 6 shows that B. malayi L3 larvae can
induce Tregs at the site of infection in vivo, and as shown in chapter 3, products of
some parasitic nematodes contain significant levels of TGF-f. To test whether the B.
malayi Treg response is due to release of a TGF-f§ homologue such as Bm-TGH-2
by L3 larvae, B. malayi L3 larvae were cultured in vitro in serum-free media, and
supernatants used in the TGF-f} bioassay. B. malayi L3 excretory/secretory products
(Figure 6.15A), and ES prepared from L3 larvae, adult or Mf B. malayi, or B. malayi
adult antigen (Figure 6.15B) do not produce an active or latent TGF-[3 signal.

As some of the downregulatory effects of culture with live L3 B. malayi are
contact dependent (40), we cultured naive BALB/c splenocytes in the presence of
live B. malayi L3 and polyclonal stimulus (Figure 6.16). No induction of Foxp3 was
seen in the presence of live L3 B. malayi, indicating the larvae may not be releasing
significant levels of TGF-f, or that the TGF-f released is below the detection limit

of this assay.
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Figure 6.15: TGF-f activity of in vitro cultured L3 B. malayi

L3 B. malayi were cultured in serum-free medium for 5 days, then the supernatant collected
and tested for TGF-f activity in the MLEC TGF-f3 bioassay (A), with some samples heat-
treated to activate latent TGF-f (80 °C, 5 min.). Samples of ES from B. malayi L3, adults or
Mf and adult B. malayi antigen were also added to the MLEC TGF-f bioassay (all at 10
ug/ml), with or without heat-treatment (B).
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Figure 6.16: Foxp3 induction by B. malayi products

BALBY/c splenocytes were cultured for 48 h in the presence of 0.01 ug/ml anti-CD3 and either 10
ug/ml B. malayi adult antigen or live L3 B. malayi, then stained for CD4, CD25 and Foxp3 for
flow cytometric analysis. Graph shows the Foxp3" proportion of the CD4" population, bivariate
plots are Foxp3 vs CD25, gated on CD4" cells.
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6.6. Discussion

The data presented in this chapter show that Treg induction in a mouse model
of B. malayi is not restricted to parasite antigen-specific T cells (as Treg induction
was seen in a bystander response), and is not dependent on the presence of
alternatively activated macrophages. Experiments using the anti-TGF-f3 antibody and
a specific inhibitor of TGF-f signalling indicate TGF-f3 may not be involved in Treg
induction, although these results are less conclusive. Finally, culture of live L3
B.malayi in vitro indicate they do not produce significant levels of TGF-f under the
culture conditions used, and are incapable of inducing Tregs when cultured with

polyclonally stimulated splenocytes.

The hygiene hypothesis states that downregulation of the host immune
response by parasitic infections affect bystander antigens, suppressing inappropriate
immune responses. In high-intensity human filarial infections, there is strong
evidence that immune down-regulation extends beyond parasite specificities,
spreading out to affect responses to vaccine antigens in vivo (224, 225) and T cell
stimulation in vitro (226). In this context, it is important to know whether B. malayi
can induce Treg activity beyond the parasite antigen-specific T cell population.
Using an adoptive transfer model, DO11.10 T cells specific for a bystander, non-
cross-reactive antigen, OVA, also showed expansion of Foxp3, even though the
DO11.10 cells are strongly stimulated with mature BMDCs loaded with cognate
peptide. The DOI11.10 cells remained strongly THI1 polarised by intracellular
cytokine staining, indicating that the Foxp3 induction could take place even in the

presence of IFN-y, surprising as it has been shown that both IFN-y and IL-4
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downregulate Foxp3 induction in vitro and in a DO11.10 adoptive transfer model
(146). An important caveat of these results is the wild-type background of the
DO11.10 cells used, where a small population of pre-existing Foxp3" T cells exist,
due to low levels of endogenous TcR expression (227). Thus the induction of Foxp3
in the DO11.10 cells seen here may either be from expansion of a pre-existing

Foxp3" subset, or induction of Foxp3 in naive DO11.10 cells.

I investigated the role of host and parasite-derived TGF-f3 by using anti-
mammalian TGF-f blocking antibody and an inhibitor of TGF-§ signalling. The
blocking antibody results have the caveat that isotype antibody from rat, rather than
mouse, was used. However, with anti-TGF-f antibody administration an increase in
proportions and activation of Tregs remained after B. malayi infection. Therefore,
host TGF-f appears to be dispensable for Treg induction in our model, although it
may be a Treg effector molecule, as antigen-specific TH2 cytokine production was

increased in anti-TGF--treated animals.

The ALK-5 (TGF- type I receptor) inhibitor experiments also assessed the
impact of parasite-derived TGF-f where the anti-mammalian-TGF-f antibody
experiment does not. However, this inhibitor has not been used previously in an
intraperitoneal infection, so there is no evidence to what extent the inhibitor blocked
TGF-f signalling, and whether subcutaneous injection in the flank will allow the
inhibitor to access the peritoneal cavity. Intraperitoneal administration of the
inhibitor however, appears to have had a significant effect on cytokine recall

responses, reflecting administration of the anti-mammalian TGF- antibody.
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To interpret these results, it is important to know whether subcutaneous
injection of ALK-5 inhibitor results in ablation of TGF-BR signalling in the
peritoneal cavity (and systemically). To assess this in a repeat of the experiment,
peritoneal lavage cells could be taken and levels of smad-7 transcription measured by
real-time RT-PCR. Smad-7 is strongly upregulated by TGF-f signalling (91), so if
the inhibitor were working correctly, it would be expected that smad-7 transcription
would be reduced. However, as the antigen-specific cytokine recall responses in
intraperitoneal inhibitor injection reflect the anti-mammalian TGF-f} results, but not
the subcutaneous injection results, it seems likely that subcutaneous injection of the

inhibitor has negligible systemic effects.

If we presume that subcutaneous administration of the ALK-5 inhibitor did
not affect the peritoneal population, we can make some interesting conclusions about
the role of TGF-f in B. malayi infection. Host TGF-f seems not to be involved in
induction of the Treg population (Figure 6.6), but in suppression of cytokine
production by antigen-specific Teffectors (Figures 6.8 and 6.11). This would be
consistent with a model of B. malayi Treg induction where Bm-TGH-2 is released by
the parasite, resulting in accumulation of Tregs in the peritoneal cavity. These Tregs

could then produce TGF-p to suppress Teffector responses.

To look further at the role of TGF-f in B. malayi Treg induction, the CD4-
trophic TGF-BRIIDN transgenic mouse (228) could be used. These mice express
both normal TGF-BR chains, but also transgenically express a truncated version of
the TGF-BRII chain under the control of a modified CD4 promoter (with a regulatory

region removed, to allow expression in both CD4" and CD8" T cells). The truncated
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TGF-BRII lacks a signalling domain but can still bind to TGF-f3 and ALK-5, and so
its expression results in formation of a non-functional receptor, ablating TGF-f3
signalling (228). This mouse is very useful, as the TGF-fR is present on many cell
types and has many different effects, whereas in these mice only the role of TGF-3
on T cells is assessed. Thus if the model of Treg induction by release of parasite-
derived TGF-f holds true, no Treg induction would be seen in infection of these
mice. We now have a colony of these mice, and these experiments are currently

underway.

A well-documented result of B. malayi adult implantation is the recruitment
of alternatively activated macrophages to the peritoneal cavity (177, 229). These
have been shown to suppress proliferation of antigen-specific T cells through a
contact-dependent mechanism (229), and induce TH2 responses through release of
TGF-f (184). The experiments using IL-4R-deficient mice give more evidence on
the role of AAMacs in this system. Alternatively-activated macrophages do not
develop in filarial-infected IL-4R-deficient mice (J. E. Allen, personal
communication), or in STAT-6-deficient animals infected with other helminths (185,
230). By showing that B. malayi induces Foxp3 within the T cell population even in
the absence of IL-4R signalling, we have established that this process is independent
of alternatively activated macrophages. In long-term L. sigmodontis infections,
alternatively-activated macrophages are found together with both Foxp3" Tregs and
CTLA-4" anergic effector T cells (221), although the inter-dependency of these
populations has not been established. In the experiments shown here, CTLA-4
remained high on Foxp3~ effector cells even in the IL-4R-deficient setting, while

CD4'FoxP3" cell expression of CD25, CD103 and CTLA-4 were indistinguishable
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from wild-type (data not shown). Thus, we hypothesise that induction of Foxp3 may
be a primary event in the infection process, leading subsequently to effector cell
anergy and the generation of alternatively activated macrophages. The possibility
that Tregs at the site of infection drive alternatively activated macrophage
differentiation is supported by a recent paper showing that in humans, alternatively
activated marcrophages are induced after culture in the presence of activated Tregs

(186).

It is interesting to note the lower susceptibility of IL4R-deficient mice to L3
infection, with significantly lower numbers of larvae recovered from the peritoneal
cavity. This is at odds with a previous study (231), which showed significantly
higher worm recovery from L3 B. malayi infected IL-4R™ mice. This discrepancy
could be accounted for by differences in timing, as the difference seen previously
was not significant until 7 weeks post-infection. Therefore the possibility remains of
increased resistance in IL-4R-deficient mice at early timepoints after infection,
followed by a less productive response at later timepoints. The curtailed IL-10 in the
IL4R-deficient genotype draws a parallel with the doubly-deficient IL-4/IL-10
construct which was found (unlike IL-4 single deficiency) to be resistant to L.
sigmodontis (170). This outcome could reflect a more potent immune response, in
the absence for example of suppressive macrophages, although the lack of an
increased neutrophil recruitment or increased TH1 cytokines argues against this. An
alternative explanation reflects the known requirement of filarial worms for host-
derived growth-factors, in which IL-5 has been shown to have a role (232), as IL-5 is

greatly reduced in the IL-4R-deficient mouse.
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In order to look at direct Treg induction by L3 larvae in vitro, we assessed
supernatants from live L3 B. malayi culture, or coculture with live L3 larvae for
TGF-f activity. These results show that no significant levels of TGF-f are released
by B. malayi in culture. Possible caveats include the culture conditions used, as B.
malayi may only release TGF-f in the host. Also, the levels of TGF- release may be
too low to be detected in the assays used here, but may have significant effects when

released over a long period in vivo.

Taken together, the results from this chapter indicate that the Treg induction
seen in B. malayi infection depends on context, rather than antigen specificity (as
Foxp3 could be induced to an irrelevant antigen at the site of infection), and that it is
not dependent on alternatively activated macrophages. The results shown here
indicate that host TGF-f is dispensable for Treg induction in this model, but the role

of parasite TGF-p is yet to be elucidated.
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Chapter 7:
Discussion
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7. Discussion

Chronic helminth infections are still amongst the most important public
health issues worldwide, with significant mortality and morbidity in developing
countries. They affect the majority of the world’s population, and as such are highly
successful pathogens. Data from human studies (18) and animal models (12, 14-16)
shows that anti-parasite immunity is possible, so some degree of immunomodulation
must be present in all chronic helmith infections, however our understanding of the
mechanisms is incomplete. The lack of damage to the host in most chronic helminth
infections may be seen as an example of successful coevolution: the helminth is
allowed to maintain a productive infection whilst the host remains asymptomatic.

In many ways, downregulation of host anti-parasite immune responses may
be advantageous for both the parasite and the host, as it acts to minimise the
‘collateral damage’ of immunopathology in the host, and allows the parasite to evade
potentially fatal immune responses. Evidence from studies using mice deficient in
components of immune suppression pathways shows that in S. mansoni infection,
lack of the immunosuppressive cytokine IL-10 leads to increased immunity to
reinfection (27) but also increased mortality in primary infection due to
immunopathology (28). In L. major infection, lack of IL-10 results in sterile
immunity being achieved, but without a small number of persisting parasites
immunity to reinfection was also lost (157). Thus, a balance must be struck between
potentially disadvantageous immunopathology and control of parasite infection.

The disappearance of parasitic infections in first world countries has been
associated with increased prevalence of allergy and autoimmunity. This association

led to various forms of the ‘hygiene hypothesis’, suggesting that parasitic infection
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suppresses not only parasite-directed immunopathology but also inappropriate
immune responses (such as allergy, autoimmunity and inflammatory gut disorders)
to bystander specificities. Epidemiological (3-6, 9) and interventional (7, 8, 25)
studies added weight to this hypothesis, and animal models have helped to dissect the
mechanism of suppression (22, 23).

Production of immunomodulatory molecules by parasites is one explanation
of the downregulation of the host immune response, and parasite-derived TGF- is
an attractive candidate for this. Release of parasite-derived TGF-f could increase the
proportion of circulating Tregs without regard to antigen specificity, so that any
developing immune responses (for instance against inhaled allergens) would be more
likely to be skewed towards regulation and tolerance rather than immune reactivity.

Members of the TGF-p family are present in non-parasitic nematodes such as
C. elegans, therefore when a group of nematodes evolved from free-living animals
into parasites this pre-existing, primarily developmental, pathway could have been
co-opted as an immune evasion mechanism. Developmental roles for TGF-
molecules in parasitic nematodes have been proposed in many species (74, 76, 78),
and the differences (if any) between a developmental TGF-f3 family member and an
immunomodulatory TGF-f homologue may be very subtle. A developmental TGF-f
homologue would act on tissues within the parasite, and therefore would not
necessarily be secreted, however an immunomodulatory TGF- homologue would
have to be secreted from the parasite in order to act on the host. An
immunomodulatory TGF- homologue would also need to signal through the
mammalian TGF-f receptor, whereas a developmental TGF- family member would

signal through a parasite-encoded TGF-§ receptor. However, the TGF-f} signalling
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pathway may be conserved to such a degree that all TGF- homologues can signal
through other TGF-p} receptors: potentially a TGF-f3 homologue could signal through
both host and parasite receptors fulfilling both roles. It would seem to be more
logical for the parasite to encode different TGF-f homologues for each function as
they may need to be transcriptionally controlled separately — development and
immunomodulation may not occur concurrently. However, in analysing the B.
malayi genome there does not appear to have been any expansion in the number of
TGF-f homologue gene loci (70), arguing that if Bm-TGH-2 is immunomodulatory
it may also have retained some developmental function within the parasite.

Expression profiles provide important information about the function of
TGF-p homologues, as we would expect immunomodulatory TGF-f homologues to
be expressed only in stages that live within the host. Therefore, although the
transcription profiles of the novel TGF-3 homologues shown in chapter 3 give us
some information about their function, it would be useful in future experiments to
assess their transcription profiles in the free-living larval stages stages (L1 and L2
larvae). Information from various timepoints within each stage (as shown in Bm-
TGH-1 (74)) would also be useful, as then something could be inferred from
upregulation of the homologues just prior to moults.

Control of the activation of TGF-3 homologues may also tell us something
about their function - in mammalian TGF-f}, the pro-protein is essential for correct
folding and localisation of the protein, and prevents TGF-f3 binding the receptor until
latent TGF-f is cleaved. If parasitic TGF-f family members function to control the
development of the parasite, their activity would be expected to be just as tightly

controlled as their mammalian counterparts. Therefore a truncation of the N-terminal
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pro-region could result in uncontrolled activation of the proteins, which could have
disastrous consequences for the parasite — if they function similarly to the C. elegans
TGF-f homologue Ce-DAF-7, constant signalling would prevent entry into the dauer
hibernative state (94), which has been hypothesised to be similar to the arrested L3
larvae of parasitic nematodes (76). Thus, worms lacking the pro-region of their TGF-
 homologue could never develop to infective L3 larvae. Clearly this is not the case
in the N. brasiliensis homologue identified here, and S. mansoni SmInAct, which
both lack the majority of the pro-region. If however these TGF-f3 homologues serve
to suppress the host immune system, they may not have a cognate receptor encoded
by the parasite, and therefore constitutive activity after release would not be
deleterious. Future work on these TGF-f3 homologues should focus on these areas in
an attempt to dissect their function.

The B. malayi TGF-f3 homologue Bm-TGH-2 was previously shown to bind
to the mammalian TGF-f receptor. The data presented here could not replicate this
result, possibly due to the slightly different method of expression. However it proved
to be useful as a method of expressing highly pure protein, and if modified, could be
used to express other TGF-B homologues (such as the novel TGF-f§ homologues
identified in chapter 3) for functional studies.

The B. malayi infection model provides a great deal of data regarding the role
of Tregs during helminth infection, and may serve as a good model to study
immunomodulation by helminths. The chief criticism of the B. malayi mouse model
is that the mouse is not a fully tolerant host for B. malayi, and therefore death of the
parasites may occur due to a lack of correct growth factors. Furthermore, following

intraperitoneal infection B. malayi stays within the peritoneal cavity, whereas in the
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human infection it migrates to the lymphatics. Thus, while B. malayi infection in
mice may give us only limited insight into immune mediated killing of filarial
parasites, the data presented in Chapters 5 and 6 offer important new information
about the role of Tregs in this model.

The data presented here using the B malayi mouse model shows an
accumulation of Tregs at the site of infection in the presence of live parasites. An
important control in this model was the lack of Treg induction with injection or
implantation of dead parasites, indicating Treg induction is an active process,
depending on viable parasites. This correlates with the data from human infection,
where drug-mediated killing of parasites results in loss of the hypoproliferative
defect (38). The Treg accumulation dependence on viability of parasites is
compatible with release of parasite-derived immunomodulators.

The DO11.10 adoptive transfer experiments show that B. malayi can induce
Tregs with specificity for bystander antigens. As the DO11.10 response occurred
within the peritoneal cavity, in direct contact with the anti-parasite response, this
non-antigen specific Treg response could also depend on parasite-derived
immunomodulators. Alternatively it could depend on Tregs induced to B. malayi
antigens, releasing TGF-f which in turn induces Foxp3 within the DO11.10
population. In this respect, it would be interesting to deplete host Tregs in this model,
by using DEREG mice. These mice express a diptheria toxin receptor (which is not
expressed in wild-type mice) under the control of the foxp3 promoter, so
administration of diptheria toxin ablates all Tregs (233). If the DO11.10 Foxp3
induction is dependent on host Tregs, it should be ablated in their absence, with

diptheria toxin administration in this model.
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The data from infection of IL-4R-deficient mice indicates that Treg induction
is unchanged in the absence of alternatively activated macrophages. This implies that
although some of the suppressive effects of alternatively activated macrophages are
dependent on their release of TGF-p (184), they are not responsible for Treg
induction in this model. The possibility remains that alternatively activated
macrophage induction is dependent on Tregs, especially given the recent report
showing Tregs can induce alternatively activated macrophages in vitro (186). In
order look at the order of events in B. malayi infection, it would be interesting to
look for the presence of alternatively activated macrophages and Tregs at early
timepoints (prior to day 7 post-infection). If proportions of Tregs increase prior to
induction of alternatively activated macrophages, it would be consistent with
alternatively activated macrophage induction by Tregs. Treg depletion experiments
would also be informative in this regard, as without Tregs, but in the presence of a
productive TH2 response (which would presumably still be present in the absence of
Tregs), the relative roles of IL-4 production and Treg cytokines could be dissected.

All the above data are consistent with release of parasite immunomodulators
which induce Tregs in the B. malayi infection model. I hypothesised that this Treg
induction is dependent on parasite-derived TGF-f§ production, however other
candidate parasite immunomodulators have been proposed. An interesting candidate
immunomodulator is the lipid metabolite PGE2. PGE2 induces Foxp3 in human T
cells, and increases the suppressive ability of Tregs (69). The filarial nematode O.
volvulus and the trematode S. mansoni both produce PGE2, therefore this may be a

further pathway of parasite immunomodulation (66, 67).
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The role of parasite-derived TGF-Bs in Treg induction was addressed,
indirectly, using blocking antibodies to mammalian TGF-f3. Anti-TGF-f treatment
did not ablate Treg induction, but increased antigen specific cytokine responses.
Therefore host TGF-B appears to be responsible for suppression of Teffector
responses, but not Treg induction. As antibodies did not block parasite-derived TGF-
B, blocking TGF-f signaling would be useful as it would block the effects of both
host and parasite TGF-f. The ALK-5 inhibitor is a useful tool for these experiments,
however it proved to be too toxic when injected intraperitoneally to give reliable
results in my hands.

In order to show a direct link between Bm-TGH-2 and Treg induction by B.
malayi, a number of strategies could be used. Infection of CD4-trophic TGF-BRII
dominant negative mice (228) would definitively show if Treg induction is
dependent on TGF-f} signalling on the responding T cells, although this would not
differentiate between host and parasite derived TGF-f. To look more directly at Bm-
TGH-2, a number of methods could be used to block its action. Firstly, if functional
Bm-TGH-2 were produced in insect cells, monoclonal antibodies could be raised
against it and tested for ability to block the binding to the mammalian TGF-R. The
blocking anti-Bm-TGH-2 monoclonal antibody could then be used in vivo to see if
this could block the Treg induction.

It would be most informative to prevent the parasite from expressing Bm-
TGH-2, as this would show whether its role is immunomodulatory or developmental.
Studies of nematode parasites are problematic as conventional knock-out strategies
cannot be used, due to a lack of techniques for selecting transgenics, a long

generation time, their complex lifecycles and the difficulty in introducing transgenes
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into the parasite (234). However, the reverse genetic technique of RNAI has recently
enabled the manipulation of nematode gene transcription. It involves introduction of
double-stranded RNA (dsRNA) into nematode cells, which results in specific
reduction in transcription of the gene encoded by the dsSRNA. This can be transmitted
for several generations. The process is carried out by cell defence mechanisms
against attack of the host genome by viruses or transposable elements of genetic
material (235). Successful RNAi has been reported in B. malayi (234), and has also
previously been used to prevent expression of S. mansoni SmInAct, showing a
developmental role (78). Therefore this technique could also be used to investigate
the function of the other TGF-p homologues identified here.

If a direct link can be shown between parasite-derived TGF-B and the
suppression of inappropriate immune responses seen in parasitic infection, it would
have major implications for the hygiene hypothesis. If the reason that our immune
systems are prone to inappropriate immune responses in the absence of parasitic
infection is an insufficiency of TGF-p that can be supplemented by parasite derived
TGF-f, it could be possible to redress the balance therapeutically by administration
of host or parasite-derived TGF-f. This would be a more directed strategy of
controlling inappropriate immune responses than infection with parasites in humans
(25). The disadvantage of using parasitic infection are the possible side-effects, and
the unpalatable connotations of parasitic infection. TGF-f administration may be a
hazardous strategy, however, as it may suppress other non-pathological immune
responses, resulting in decreased tumour surveillance, and susceptibility to infection.

The data presented in this thesis clearly demonstrate that members of the

TGF-f family are commonly expressed among parasitic nematodes. It is also shown
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that parasitic infection (in this case a mouse B. malayi model) results in induction of
Tregs. Although a link has not been directly established between these two pieces of
data, it can be hypothesised that TGF-f homologue production is a powerful method
by which parasitic nematodes induce Tregs, thus downregulating the anti-parasite
immune response and preventing ejection or killing of the parasites. The role of
TGF-p homologues in the development of parasites and immunomodulation of the
host has been the subject of some scrutiny, but these roles are still insufficiently
characterised. Further work in this area may give important insights into parasite
immunomodulation, and the roles of parasites in the development of the mammalian

immune system.
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