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Abstract

Helminth parasites excel at subverting the host’s immune regulatory pathways resulting in
immunosuppressed hosts harbouring chronic infections. This immune suppression forms a
major barrier to the acquisition of protective Th2 immunity, both in regard to natural
infections and potential vaccinations. At the same time, immune downregulation plays a
beneficial role in protecting the host from pathology during chronic infection, and
epidemiological links between helminth infections and the amelioration of allergy and
autoimmunity diseases indicate that helminth-induced immune suppression can be
therapeutically applied to the treatment of these conditions. Foxp3® regulatory T cells
(Treg) play central downregulatory roles in controlling reactivity to self-antigens and
preventing autoimmune diseases, as well as in limiting inflammatory responses during
infection. Helminths induce dominant Foxp3® Treg responses that play key roles in
inhibiting protective immunity and alleviating immunopathology, and that can protect
against allergic inflammation. Thus, Foxp3® Tregs are a fundamental mechanism of
immune regulation during helminth infections, and an understanding of the mechanisms
governing the induction of Foxp3™ Treg responses is of principal importance for the design
of both prophylactic helminth treatments and therapies for allergies and autoimmunity.
However, the nature of the T cell co-stimulatory signals driving Treg generation during
helminth infection is largely unclear. Recent evidence suggests that the inducible co-
stimulator (ICOS) contributes to Treg control of autoimmune inflammation. Further, ICOS
expression is upregulated by Foxp3™ Treg during infection with the filarial nematode
Litomosoides sigmodontis suggesting ICOS is important for Treg during helminth infection.

Therefore, we investigated the role of ICOS in helminth-induced Treg responses.

Similar to L. sigmodontis infection, Foxp3* Treg increased ICOS expression in response to
infection with the intestinal nematode Heligmosomoides polygyrus and with the blood

trematode Schistosoma mansoni. Functionally, ICOS was required for the optimal
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expansion of lymphoid Treg numbers during early stage H. polygyrus infection and
following the onset of the acute egg phase of S. mansoni infection suggesting common
pathways for Treg induction by diverse helminth species. Whilst helminth induced
proliferation and activation of Foxp3® Treg was ICOS independent, ICOS was essential for
Treg survival in settings of homeostasis and helminth infection. In contrast to the lymph
node, Treg responses in the intestinal lamina propria (LP) of ICOS™ mice were increased
due to expanded natural Treg. Following H. polygyrus infection Foxp3® Helios" CD4" T
cells preferentially expanded in wild-type (WT) mice but not in ICOS deficient mice
suggesting ICOS is required for the expansion of adaptive Treg at the site of intestinal

nematode infection.

Functionally, ICOS supports Treg, but not effector T cells (Teff), H. polygyrus induced IL-
10 production suggesting ICOS differentially regulates Treg and Teff. At the H. polygyrus
infection site, ICOS acted to downregulate CD4" T cell Th2 cytokine production.
Conversely, in the reactive lymph node ICOS signalling promoted Th2 immune responses,
possibly by maintaining the pool of IL-4 secreting type 2 follicular helper T cells. Thus,
ICOS has different effects on Th2 immunity depending on tissue location. Because Th2
immunity governs expulsion of H. polygyrus parasites, the differences in Th2 responses
between lymph node and infection site could explain why ICOS deficiency did not impact

worm burden.

Protective immunity to long-lived helminth infection can be quenched in the initial days of
infection by the action of Treg. Whether Treg expand and suppress protective immunity
during S. mansoni larvae lung transit has not been investigated. We found that in contrast
to H. polygyrus and L. sigmodontis infection, early S. mansoni infection did not induce a
Treg response suggesting other mechanisms are employed for immune subversion.

During the acute egg-phase of S. mansoni infection, Foxp3®™ Treg protect the host from



damaging egg-induced hepatic immunopathology. Despite reduced Foxp3™ Treg

responses, ICOS deficiency did not impact egg-induced immunopathology.

Thus, ICOS co-stimulation contributes to early expansion and the continued maintenance
of Treg during helminth infection, both in the local lymph node and at the infection site.
ICOS is required for Treg function during helminth infection by promoting IL-10 production,
whilst its contribution to Th2 effector immunity is tissue specific. In addition, ICOS is
dispensable for protective immunity and pathology during helminth infection. As ICOS
controls both positive and negative immune responses and can have opposing roles
depending on tissue location, an understanding of the consequences of these

contradictory effects will be important when considering targeting ICOS therapeutically.
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Chapter 1. Introduction

1.1 The global consequence of human helminth infections

Parasitic helminth infections are a major global health burden infecting approximately 2
billion people worldwide resulting in severe morbidity that is manifest by anaemia,
malnutrition, limb and genital deformities and blindness (1). The disease impact of
helminth infections ranks among the highest of the neglected tropical diseases, affecting
not just global health but also economic development in the poorest regions of the world
where helminthiases are most prevalent (2, 3). The full impact of the negative
consequences of helminth infection have only recently become appreciated, and one of
the chief reasons for this neglect is the relatively low mortality incurred by helminth
infection when compared to diseases such as HIV/AIDS and malaria (4). In fact, when the
chronic morbidity resulting from the global spectrum of helminth infections is considered in
terms of disability-adjusted life years (DALYSs), it ranks higher than that of HIV/AIDS and
malaria (4). Despite the global impact of helminth infections, only a limited number of anti-
helminthic drugs are available and no effective vaccine has been developed. Mass
treatment of human populations with anti-helminthic drugs can be successful (5) but
economic, political and logistical problems, the frequency of re-infection and the threat of
emergence of drug resistance limit the efficacy of this treatment. Therefore, the design of

novel therapeutics for human helminthiases is essential.

The most prevalent helminth infections of humans are the intestinal nematodes, and
amongst the most common intestinal nematodes of humans are the hookworms Necator
americanus and Ancylostoma duodenale. Of the hookworms, N. americanus accounts for
about 85% of all infections with A. duodenale taking up the remainder. Most infections
occur in the Asian countries of Indonesia, Bangladesh and India (60-70 million people in
each), followed by the Democratic Republic of the Congo and Nigeria in Africa, and Brazil
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(30-40 million people in each) (4). The other major intestinal nematodes are the
roundworm Ascaris lumbricoides (800 million infections), the whipworm Trichuris trichuria
(600 million infections), and the threadworm species Strongyloides stercoralis (30-100
million infections), and like the hookworms these species are most prevalent in developing
regions of Asia, Africa and Latin America (1). Intense intestinal nematode infections
frequently occur in children and can result in anaemia, malnutrition, growth retardation and
cognitive dysfunction (6). During pregnancy, the severe anaemia caused by intestinal
nematode infections leads to low birth weight and increased maternal and infant mortality.
In Africa, the anaemia resulting from intestinal helminth infection exacerbates the disease

symptoms of falciparum malaria, especially in woman and children (7).

The platyhelminth schistosome species rank next in global prevalence, and include the
species Schistosoma mansoni, Schistosoma haematobium and Schistosoma japonicum.
Of the 200 million global cases of schistosomiasis, around 90% occur in sub-Saharan
Africa. S. haematobium, the causative agent of urinary tract schistosomiasis, accounts for
approximately two thirds of global schistosome infections, whilst S. mansoni, one of the
agents of intestinal schistosomiasis, takes up most of the remaining third. Alongside sub-
Saharan Africa, S. mansoni infections are also common in Latin America, especially Brazil.
In Asian regions, S. japonicum infects around one million people to cause intestinal
schistosomiasis (4). Chronic schistosome species infections can last for five to seven
years and the liver fibrosis, portal hypertension and intestinal bleeding that characterises
disease pathology induced by schistosomiasis arises as a consequence of the host

immune response to the parasite eggs (8).

Eight species of filarial nematodes have human hosts, and three of these account for the
majority of disease causing infections (9). Brugia malayi and Wuchereria bancrofti are
responsible for lymphatic filariasis, infecting some 120 million people in endemic areas

throughout the tropics (9, 10). Lymphatic nematode infections are long lived and are
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notable for causing heavy infections with no overt symptoms of clinical disease. However,
around a third of those infected suffer from clinical manifestations of the disease, and
infection can result in disabling deformities as seen in elephantiasis and severe genital
swelling (9, 10). The third most important filarial nematode species affecting humans is
Onchocerca volvulus, which infects almost 37 million people, and is most prevalent in
Africa but also occurs in regions of central and southern America (9). O. volvulus is the
etiological agent responsible for the debilitating disease river blindness, so called because
it is transmitted by black flies and the prevalence of infection is greatest in communities

adjacent to areas of black fly riverine breeding (9, 10).

A key feature of human helminth infections is their ability to persist within infected hosts for
long periods of time without eliciting strong disease symptoms. When disease pathology
does occur it is often as a result of over exuberance on the part of the hosts own immune
system. That the host immune system is fully capable of mounting a strong response to
the parasite, but generally does not gives some indication that host immunity is regulated
during helminth infections. Indeed, the first evidence of immunosuppression by helminths
came from studies on human filariasis, which demonstrated that peripheral T cells from
infected individuals were frequently unresponsive to antigen stimulation, and immune
responses to bystander antigens were reduced (11). It is now known that helminth
parasites are capable of inducing strong immune regulatory responses, and in doing so
they are endowed with the capacity to evade protective host immunity and survive within
the infected host for decades thus favouring their continued transmission (12). Helminths
achieve immune suppression by infiltrating the hosts own immunoregulatory network.
Regulatory T cells (Treg) are one of the key components of this network and their actions
can form a major barrier to the acquisition of protective immunity. By targeting the co-
stimulatory receptors that govern Treg action it is possible to reverse immune suppression

and this has been shown to enhance protective immunity and enable parasite elimination
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(13-15). However, Treg mediated suppression of over-exuberant anti-helminth immunity
inhibits the development of immunopathology and interventions that target Treg must be
undertaken with caution (16, 17). For this reason, a complete understanding of the
mechanisms that preside over Treg induction, function and maintenance is fundamental
for the development of safe, effective immuno-therapeutics for helminth parasite

infections.

1.2 Mouse models can be used to study immune responses to helminth parasites

1.2.1 Trichuris muris as a model of protective anti-helminth immunity

Despite the classic chronic signature of human helminth infections, epidemiological
evidence exists that demonstrates the development of host protective immune responses
(18). Difficulties in delineating the determinants of protective immunity in genetically
outbred populations subject to large environmental fluctuations necessitated the
development of defined laboratory models of human infection. Seminal work using the
model murine gastrointestinal (Gl) nematode Trichuris muris described the immune
conditions necessary for resistance to helminth infection (19-21). The T. muris model is
unique in that the reciprocal effects of Th cell subsets determine whether an infection will
become acute or chronic in nature (19-21). In mice, and in humans, CD4" T helper (Th)
cell were initially grouped into two distinct subsets; Th1, marked by expression of the
cytokines interferon gamma (IFN-y), interleukin (IL)-2 and lymphotoxin, or Th2
characterised by expression of IL-4, IL-5, IL-9 and IL-10 (22, 23). Whereas Th1 dominated
murine strains are susceptible to T. muris and harbour chronic infections, Th2 dominated
strains are resistant and expel T. muris parasites before they establish (20, 21). Moreover,
antibody (Ab) depletion of IFN-y in susceptible strains rendered these mice resistant to

infection, and conversely depletion of IL-4 in resistant strains of mice rendered them

15



susceptible to infection (19). Thus, the Th2 immune response driven by IL-4 is required for

protective immunity to helminth infection.

1.2.2 Heligmosomoides polygyrus

Mouse model systems can be also be used to study the mechanisms governing immune
regulation induced by helminth parasites. Heligmosomoides polygyrus is a natural mouse
parasite used as a model of the human hookworm infections N. americanus and A.
duodenale. Primary infections persist for many months reflecting the chronic nature of
human helminth infections, and immune protection against challenge infection can also be
studied following drug cure of primary H. polygyrus infection. Experimentally, infective third
stage larvae (L3s) are orally introduced to the host and within 24 hours they penetrate into
the submucosa of the small intestine. Following two developmental moults they migrate
back into the intestinal lumen between day 8-9 post-infection. Adult worms coil around
intestinal villi to anchor in situ from whence they mate and produce eggs. The eggs are
ejected in the faeces and hatch in the external environment becoming infective L3s, thus

the life cycle is perpetuated.

1.2.3 Schistosoma mansoni

The human blood fluke parasite S. mansoni is infective in mice allowing tractable systems
for the study of immunity to trematode parasites. S. mansoni has a complex life cycle;
water molluscs act as intermediate hosts and higher order vertebrates as definitive hosts.
Upon contact with fresh water, S. mansoni eggs hatch and release free swimming
miracidium that infect specific fresh water snails. After around 30 days, in response to
sunlight exposure, motile cercariae extrude from infected snails and seek out their
vertebrate mammalian definitive host. Infective S. mansoni cercariae penetrate the skin of
their host and migrate via the circulation to reside as adults in the mesenteric veins (24).

Skin penetration is facilitated by enzymatic secretions from the acetabular glands located

16



in the head of the cercariae (25). Larvae begin to leave the skin through the venules
around day 4 post infection from whence they arrive at the pulmonary vasculature,
peaking here at day 8 (24). First transit through the lungs is a slow process and represents
a major obstacle for parasite migration (24). Parasites pass from the lungs through the
vasculature and splachnic capillary beds to the hepatic portal system where they mature.
After 3 weeks adult parasites mate and migrate up the mesenteric veins to the intestinal
wall and reside thereafter in the distal portal system laying eggs, some of which become

trapped in the liver sinusoids triggering inflammatory foci (24, 26).

1.3 The type 2 protective immune response to helminth infection

Separated by phyla and 600 million years of divergent evolution, H. polygyrus and S.
mansoni are helminths of distinct nature. Whilst H. polygyrus is exclusively enteric, S.
mansoni resides principally in the vasculature. Despite these differences, the nature of the
immune response induced by these parasites is remarkably similar. The canonical immune
response invoked by helminth parasites is typically Th2 in nature, orchestrated by the
cytokines IL-4, IL-5, IL-9, IL-10 and IL-13 (27). These cytokines activate a suite of
downstream effector mechanisms including immunoglobulin (Ig)G1 and IgE isotype
switched B cells, mast cells, eosinophils, basophils, alternatively activated macrophages,
innate helper cells and increased permeability, smooth muscle contractility and mucus
production in the gut (27). Whilst Th2 cells predominantly orchestrate the immune
response to helminths, other non-T cells also contribute so collectively they will now be
referred to as the type 2 response. Both H. polygyrus and S. mansoni induce host type 2
immunity but the consequence of this response is dramatically different. During H.
polygyrus infection the type 2 immune response primarily promotes parasite expulsion and
protective immunity (28). In contrast, the role of type 2 immunity in S. mansoni infection is
one of dual host protection, functioning to wall-off and neutralise toxic egg products in the

liver whilst suppressing damaging pro-inflammatory Th1 immune responses (29, 30).
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1.3.1 The role of type 2 immunity in protection to intestinal nematode infection

H. polygyrus infection induces the Th2 cytokines IL-3, IL-4, IL-5, IL-9, IL-10 and IL-13 in
the gut associated lymphoid tissue (GALT) (31-33). Of these cytokines, IL-4 and IL-4
receptor (IL-4R) signalling are key to protective immunity to both primary and secondary H.
polygyrus infection (28). Whilst innate lymphoid cells are an important early source of type
2 cytokines (34-37), the principal producers of type 2 cytokines during helminth infection
are CD4" T cells (38, 39). More specifically, the main CD4" T cell subset producing IL-4 in
the reactive lymph node following H. polygyrus infection are CXCR5" follicular helper T
cells (Tfh) (40). IL-4 signalling activates a variety of cells that contribute to H. polygyrus
stress and expulsion. The mechanisms of protection can be broadly divided into two
phases dependent on location of the different H. polygyrus stages: those active against
the intestinal submucosa dwelling larvae, and those that bring about expulsion of adult

worms from the intestinal lumen.

When larvae are resident in the intestinal mucosa, aggregates of innate and adaptive
immune cells form granulomas around the invading larvae. The granulomas comprise
macrophages, neutrophils, dendritic cells, eosinophils and in secondary infections, CD4" T
cells (41-43). In response to IL-4, macrophages within the granuloma take on the
characteristic type 2 phenotype distinguished by expression of the IL-4R, the mannose
receptor CD206, Ym-1, Fizz1 and arginase-1 (41). These macrophages secret arginase-1
which acts directly on the larvae in the host-parasite interface to induce parasite stress
(41). Therefore, in the intestinal tissue, it is thought that macrophages are the principal

mediators of protective immunity to H. polygyrus larvae.

Once adult nematode parasites are present in the intestinal lumen they are subject to a
barrage of assaults that aim to flush them out. IL-4 and IL-13 from innate and adaptive

sources act directly on gut epithelial cells and resident effector cells expressing IL-4Ra. to
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alter the physiology of the gut. For example, expulsion of luminal T. muris parasites is
enhanced by an increased rate of intestinal epithelial cell turn over following IL-13
signalling (44). IL-4R driven goblet cell hyperplasia results in increased mucus secretion
(45), which creates a barrier to nematode establishment in the intestines (46, 47). Specific
components of the mucus, such as the mucin Muc5ac can have a direct effect on the
vitality of T. muris, as well as maintaining the intestinal mucus layer in a resistant
composition (46). Resistin-like molecule-f (RELM-f) is also present in intestinal mucus,
which can inhibit the migration of H. polygyrus and Nippostronglyus brasliensis to the
intestinal wall so they are unable to feed, and this results in parasite stress and eventual
expulsion (48). Mast cells are also important players in type 2 immune responses in the
gut. For example, depletion of mast cell function with antibodies to stem cell factor (SCF)
demonstrated that intestinal mast cell mastocytosis is essential for expulsion of the
intestinal nematode Trichinella spiralis (49). Mast cell proteases have a further role in
protective immunity by disrupting gut epithelial cell tight junctions to enhance luminal flow
(50), and in conjunction with the IL-4R activated increases in intestinal smooth muscle
contractility (51), they constitute the ‘weep and sweep’ response contributing to parasite

expulsion from the intestinal lumen.

1.3.2 Type 2 immunity protects against disease pathology during trematode

infection

Protective immunity to S. mansoni infection is less clear-cut and here the Th2 response is
more important to protect the host from damaging egg-induced immunopathology. The
worms themselves are poorly immunogenic and the early Th1 bias induced by invading S.
mansoni larvae gives way to a dominant Th2 response at approximately week 5 of
infection when egg deposition begins (52). The target destination for the eggs is the

external environment via the intestinal mucosa. However, some are carried by venous flow
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to the liver where they are trapped in hepatic sinusoids (52). Trapped eggs become a focal
point for the development of type 2 immune granulomas consisting of collagenous fibres
and type 2 macrophages, eosinophils and CD4" T cells (52). Similar to the granulomas
induced during H. polygyrus infection, the formation of S. mansoni egg induced
granulomas is orchestrated by IL-4 from CD4" T cells (53-55). Paradoxically, the formation
of type 2 granulomas can be both beneficial and detrimental to the infected host. A chronic
granulomatous response and the accompanied fibrosis can eventually result in portal
hypertension, the development of portosystemic shunts, intestinal bleeding and in some
cases death. Therefore, granulomatous lesions are responsible for much of the disease
morbidity and mortality during schistosomiasis (56). However, the formation of type 2
granulomas also benefits the host two-fold by containing dangerous egg hepato-toxins and
suppressing inappropriate inflammatory Th1 immune responses (29). For example, in the
absence of IL-4, a Th1 response develops in response to the eggs resulting in increased
levels of the inflammatory mediators IFN-y, TNF-a and nitrous oxide leading to greater
morbidity and mortality (57). The suppressive cytokine IL-10 is also critically important for
the regulation of pathogenesis during schistosomiasis and its ablation results in increased
immunopathology denoted by larger granulomas associated with the development of a
mixed Th1/Th2 response (58). Thus, an appropriately balanced type 2 immune response
is required for S. mansoni infection, but in contrast to H. polygyrus infection, during S.
mansoni infection the type 2 immune response functions not for worm expulsion but

instead serves to protect the host from damaging immune pathology.

Whilst a robust Th2 immune response is required to protect against helminth infection, the
extent of this response must be regulated to prevent detrimental immunopathology.
However, as a consequence of immunoregulation sterilising immunity can be
compromised and this in turn favours parasite survival and transmission. Thus, in a

paradox similar to the type 2 S. mansoni egg-induced granuloma, immune regulation can
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be both beneficial and detrimental to the infected host. However, to the invading parasite,
regulation of host immunity appears to be only of benefit, serving to prevent its own
immune ejection whilst protecting its requisite host from lethal immune pathology. Perhaps
for this reason, helminth parasites have evolved to infiltrate the hosts own
immunoregulatory network (12). The regulatory network is comprised of numerous types of
immunosuppressive cells including CD4" Foxp3®* Treg, regulatory B cells and suppressive
macrophages. Acting in concert with these cells are the suppressive cytokines IL-10 and
TFG-B, which can be produced by cells of both lymphoid and non-lymphoid origin. Within
this network, CD4" Foxp3® Tregs are the most well characterised population of
suppressive cells. Initially described for their ability to maintain peripheral tolerance,
protecting against autoimmunity (59, 60) and suppressing chronic inflammatory diseases
(61, 62), it is now known that Foxp3* Tregs are also induced by a wide variety of infectious
pathogens, including helminth parasites. In summary, on one hand Foxp3® Tregs can
benefit the host by protecting against over exuberant immune responses, but conversely,
the suppressive effects of Foxp3™ Tregs can be of detriment to the host, by limiting

protective immunity to infectious pathogens (63, 64) and endogenous malignancies (65).

1.4 Regulatory T cell subsets

Treg encompass a number of cell types with different phenotypes that are able to
suppress effector immune responses (Fig 1.4.1). Foxp3® Treg are the principal subset of
regulatory T cells and these can be either CD25 positive or negative (66, 67). Foxp3™ Treg
can be further subdivided into natural or adaptive Foxp3™ Tregs. Natural Tregs develop in
the thymus through high affinity major histocompatibility complex (MHC) class II-
dependent T cell receptor interactions to produce a population of long lived antigen
specific Foxp3™ Treg in the periphery (68, 69). Adaptive Foxp3* Treg are generated

outside the thymus during the normal homeostasis of the gut in response to TGF-g and
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retinoic acid (70, 71), during chronic inflammation and following subimmunogenic antigen
presentation (72). The two following experiments of nature have demonstrated that Foxp3
is a master transcriptional regulator for this class of Treg, being essential for their
development and function: i) Spontaneous deletion of Foxp3 in mice resulted in the Scurfy
phenotype characterised by a complete loss of Treg and fatal autoimmune
lymphoproliferative disease (73, 74). ii) In humans, mutations in the Foxp3 gene results in
the development of IPEX (immunodysregulation, polyendocrinopathy and enteropathy, X-

linked syndrome) that presents with multisystem autoimmune disorders (75).

In addition to Foxp3™ Treg, a number of other Foxp3™ T cells are able to suppress immune
responses. For example, IL-10 secreting T regulatory Type1 (Tr1) cells can be defined by
their cytokine profile, producing high amounts of IL-10 along with TGF-(, IL-5 and variable
amounts of IFN-y and no IL-4 (76). The specific cytokine profile can vary depending on the
conditions governing their generation but the hallmark of Tr1 cells is high IL-10 secretion.
Tr1 cells suppress antigen specific effector T cell responses in a cytokine dependent
manner, and unlike natural Foxp3™ Treg which originate in the thymus, Tr1 cells are
induced by antigen in the periphery (76). A relatively new type of Foxp3™ Treg has been
described which is generated under inflammatory conditions and suppresses effector
immune responses through the cytokine IL-35, these cells have been termed iTr35
(induced regulatory T cells IL-35) (77). Furthermore, T cells producing high levels of the
suppressive cytokine TGF-f have been labelled Th3 cells, and whilst the majority of Treg

are CD4", suppressive CD8" Foxp3™ T cells have also been defined (78).
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1.5 Regulatory T cell modes of immune suppression

Foxp3™ Treg can suppress the activation, proliferation and effector functions of a number
of immune cell types including CD4 and CD8 T cells, B cells, natural killer (NK) and NKT
cells, dendritic cells (DCs), macrophages and mast cells (79). To bring about suppression,
Foxp3* Treg have been purported to utilise a number of mechanisms and these can be
grouped into four main inhibitory processes; a) suppression by secretion of inhibitory
cytokines, b) suppression by cytolysis, c) suppression by metabolic disruption and d)
suppression by modulation or inhibition of antigen presenting cell (APC) function and

maturation.

1.5.1 Suppression by secretion of inhibitory cytokines

IL-10, IL-35 and TGF-B are produced by Foxp3™ Treg to suppress effector cell function in
both autoimmune and infection settings, although the importance of these cytokines for
Foxp3" Treg suppression is controversial and context dependent. The function of IL-10 as
a Treg suppressive factor seems to be of most importance at the environmental interface
of the mucosa. For example, IL-10 produced by Treg is essential for the prevention of
colitis in the mouse transfer model of inflammatory bowel disease (80). Mice with a Foxp3”
Treg specific IL-10 deletion spontaneously develop intestinal inflammation, and following
induction of local antigen specific immune responses they exhibit increased inflammation
and tissue pathology in models of lung and skin hypersensitivity (81). However, the Treg
specific IL-10 deletion does not result in early onset systemic autoimmunity (81). Thus, the
principal action of Treg IL-10 is to constrain hyperactive immunity at environmental
interfaces. This has been further demonstrated in the Leishmania major model where Treg
IL-10 contributes to the regulation of local epidermal effector cell function at the site of
parasite inoculation promoting parasite persistence (82). Nevertheless, in a number of

other infectious settings where Treg activity has been reported, the role of IL-10 produced
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directly by Treg in suppression of immunity is less clear. In this regard, whilst the activity of
Treg impedes the development of protective immunity to the Th1 inducing pathogens
Mycobacterium tuberculosis, and Toxoplasma gondii, this occurs independently of IL-10
(83). Furthermore, in both human (84) and murine (85-88) helminth infections, Foxp3*
Treg and IL-10 function separately in the suppression of host immune responses. Indeed,
the principal source of IL-10 during helminth infections appears to be Foxp3” CD4" T cells

of the Th2 (89) and/or Tr1 lineage (87, 90), which will be discussed later.

The role of TGF-B in Treg suppression has also been controversial, early in vitro studies
showed that neutralisation of TGF-B did not reverse Treg suppression of effector cells
suggesting that TGF- is not required for natural Treg suppressor function (91). However,
alternative evidence from in vitro studies suggests that Treg membrane tethered TGF-f is
crucial for this process (92). Furthermore, a number of studies have demonstrated a role
for Treg TGF-B suppression of effector immunity in vivo. Foxp3™ T cells expressing TGF-B
are essential for the inhibition of Th1 mediated inflammatory bowel disease in a transfer
model of colitis (93). In a mouse model of diabetes islet derived Tregs express high levels
of TGF-f3 on their surface which correlates with a delay in the onset of diabetes suggesting
membrane bound Treg TGF-f is required for suppression of auto-reactive T cells (94). In
addition, TGF-B produced by Treg has also been shown to impede anti-tumour immunity in
head and neck squamous carcinoma (95), and in follicular lymphoma (96). Although
evidence for a direct effect of Treg TGF-B in the suppression of effector immune
responses during infectious disease is lacking, an increase in the levels of Foxp3 has
been associated with greater TGF- activity following Plasmodium falciparum infection
which resulted in higher rates of parasite replication due to suppression of protective Th1

responses (97).

IL-35 is a Treg specific heterodimeric cytokine consisting of Epstein-Bar-virus-induced

gene 3 (Ebi3, which encodes IL-273) and IL-12a, which is required for Treg suppressive
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function both in vitro and in vivo (98). In the intestines of T. muris infected mice, Foxp3”
Treg produce high levels of IL-35 resulting in the generation of iTr35, and tumour
infiltrating Foxp3™ Treg express high levels of IL-35 and can suppress the proliferation of
tumour responder cells in vitro (77), suggesting that IL-35" Foxp3® Treg are active under
inflammatory conditions and can further contribute to the suppression of effector immunity
by generating Foxp3™ iTr35. Thus, the inhibitory cytokines IL-10, TGF- and IL-35 are all
key mediators of Treg function but the extent to which they are utilised by Treg can vary

depending upon the nature of immune insult.

1.5.2 Suppression by cytolysis

Tregs can directly kill Teff through release of granzymes and perforins which act together
to perforate cell membranes and activate apoptotic pathways. Human Tregs can induce
cytolysis of target effector cells through secretion of granzyme A and perforin to control
immune responses (99). In mice, Treg secrete granzyme B to kill and suppress the activity
of a number of immune target cell types including Teff (100) and B cells (101). Treg
granzyme B cytolysis of NKT cells and cytotoxic T lymphocytes (CTLs) results in the
suppression of antitumour immunity (102). Interestingly, in the context of human helminth
infection, within the immunosupressed environment of onchocercoma nodules containing
adult O. volvulus parasites, Foxp3™ Tregs expressed granzyme A, albeit at low levels
(103). Furthermore, mice deficient in both granzyme A and B, and granzyme B alone,
showed increased resistance to infection with the filarial nematode L. sigmodontis, and
this was associated with enhanced protective type 2 immune responses indicating

impaired immune regulation in the absence of granzymes (104).
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1.5.3 Suppression by metabolic disruption

To impede target cell metabolism, Foxp3® Treg are thought to denude local concentrations
of IL-2, possibly due to their high expression of the high affinity chain IL-2Ra (CD25),
resulting in cytokine-mediated deprivation of effector cells and Bim-mediated apoptosis
(105). Recently it has been suggested that Treg target the release both of intra and
extracellular adenosine nucleotides. Treg cell surface expression of the ecto-enzymes
CD39 and CD73 results in the generation of pericellular adenosine, which can suppress
Teff cell function through activation of the adenosine receptor 2A (A2aR) (106). Treg can
also directly introduce the potent inhibitor of T cell proliferation and IL-2 synthesis cyclic
AMP (cAMP) into effector cells via membrane gap junctions to impede Teff function (107).
Intriguingly, H. polygyrus excretes an apyrase enzyme that hydrolyses ADP to cAMP
suggesting that the parasite has directly hijacked a host mechanism to perturb the immune

responses directed against it (108).

1.5.4 Suppression by modulation or inhibition of antigen presenting cell (APC)

function and maturation

To indirectly suppress Teff cell responses Foxp3® Treg interfere with antigen presenting
cell function and/or maturation. For example, through a mechanism dependent on Treg
surface expression of CTLA-4, DCs are conditioned to express indoleamine 2,3-
dioxygenase (IDO) resulting in the production of pro-apoptotic metabolites from tryptophan
catabolism and the suppression of effector T cells (109, 110). Treg may also disrupt DC
expression of the co-stimulators CD80 and 86 resulting in fewer activating signals for Teff
(111). New data suggests Treg block DC maturation through expression of the CD4
homologue LAG3 which binds MHCII on immature DC with high affinity initiating an

inhibitory signalling cascade that blunts Dc maturation and immunostimulatory capacity
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(112). Further, Treg, but not Teff, express neuropilin-1 (Nrp-1) that prolongs Treg-DC

interactions giving Treg a competitive advantage over Teff for interactions with DC (113).

1.5.5 Bystander suppression and Infectious tolerance

Other regulatory mechanisms used by Treg include bystander suppression and infectious
tolerance. Bystander suppression refers to the ability of Treg to suppress in an antigen-
nonspecific manner. Although initial activation of Treg requires TCR engagement with its
cognate antigen, once activated, Treg can suppress effector T cells with TCR specificities
to an array of antigens distinct to the initial Treg activating antigen. For example, transfer
of Treg from H. polygyrus infected mice suppresses the development of OVA induced type
2 allergic airway inflammation, demonstrating that Treg activated by H. polygyrus can
suppress immune responses initiated by OVA (88). The manifestation of infectious
tolerance occurs when a particular population of regulatory cells influence the immune
environment to induce the expansion of a new population of Treg with antigen specificities
singular to the original inducing antigen. This can be demonstrated in the context of type 1
diabetes where transfer of in vitro, DC-expanded islet specific Treg into diabetic mice
dampens diabetes symptoms through expansion of the recipient Foxp3®™ Treg repertoire

(114).

1.6 The two sides of immune regulation in infectious disease

The studies highlighted above show that Treg employ a multitude of mechanisms to
suppress effector immunity, and that they can target not just Teff cells but a number of
immune cell types to do so. Whether all of these mechanisms are in active use by Treg or
if they exhibit a degree of redundancy remains to be resolved, but together they contribute
to control peripheral immune homeostasis. The maintenance of a balanced immune
response is not just important for tolerance to self-antigen, it is also crucial for host survival

and the development of an appropriate immune response following challenge from
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infectious pathogens, and in this context Foxp3® Treg play a leading role. In a number of
infectious settings, Foxp3™ Treg function to inhibit the collateral tissue damage that can
result from over-prolific immunity. For example, depletion of Treg prior to ocular herpes
simplex virus infection results in increased severity of viral immunological lesions
indicating heightened immunopathology (115, 116). In addition, Treg deficient mice
infected with the fungal pathogen Candida albicans are better able to clear Candida cells
but paradoxically fail to survive the infection as a result of exaggerated Th1 mediated
inflammation (117). Similarly, Tregs are an important factor in the control of immune
pathology during infection with the protozoan parasite Leishmania amazonia (118).
However, in this model the action of Tregs allows for better control of pathogen replication

by down regulating the development of inflammatory leishmania specific Th1 cells (118).

In some instances, Treg can be of benefit to the infected host by contributing to the
generation of a protective memory response. Following Leishmania major infection of
mice, natural Treg suppress the activity of effector cells at the infection site and this
impairs full eradication of the parasites, but in doing so they allow the persistence of
antigen for long enough to generate a memory response that confers life long immunity to
re-infection (82). However, the Treg response can also have a negative impact on the host
when effective control of the pathogen is compromised allowing disease reactivation to
occur. In this regard, transfer of Treg from L. major infected donor mice into chronically
infected recipient mice can impede the protective memory response in the recipients and
provoke disease re-activation (119). Moreover, over-zealous immunosuppression by Treg
can lead to excessive pathogen replication which is detrimental to host survival. For
example, depletion of Treg during infection with the lethal malarial strain Plasmodium
yoelli protects mice from death by recovering an efficacious effector immune response that
is able to eliminate the parasite (120). Therefore, the actions of Treg during infection are

paradoxical in that they can be benefical in the control of immunopathology and the
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maintenance of memory, but also detrimental when control of effector immunity is
excessive and results in pathogen expansion. These dualistic actions of Treg have been
described in bacterial, viral and fungal infections (63) but they are perhaps most prominent

during parasitic helminth infections.

1.7 Evidence for Treg activity in human helminth infections

1.7.1 Filarial nematodes

Immune suppression by helminth parasites was initially noted in studies of human filariasis
in which T cells from infected individuals were characteristically hypo-responsive. For
example, T cells isolated from patients infected with filarial parasites were unresponsive to
ex vivo restimulation with parasite antigens and expressed high levels of the suppressive
cytokine IL-10 (121-123) suggesting a regulated phenotype. Disease manifests in
individuals infected with filarial worms in two categories: the first are asymptomatic
individuals with circulating microfilariae, and the second are those with overt symptoms of
disease such as lymphedema but no microfilariae. Infected patients that show no clinical
symptoms of disease frequently possess high levels of the Treg associated antibody
isotype 1gG4 (123-126), suggesting that regulatory responses are associated with low
pathology. Conversely, patients with the overt filarial disease symptoms of lymphedema
and elephantiasis had high levels of the type 2 antibody isotype IgE (124), but reduced
expression of Foxp3 and the Treg associated markers GITR, CTLA-4 and TGF-p (127).
Moreover, stimulation of lymphocytes from patients with patent filariasis with live B. malayi
upregulated expression of Foxp3 indicating heightened Treg activity (128). Depletion of
Treg from the peripheral blood mononuclear cells (PBMC) isolated from individuals
infected with B. malayi recovered T cell responses to parasite antigens suggesting Treg
actively suppress Teff cell responses in human filariasis (129). In addition, T cells

producing high amounts of IL-10 (reminiscent of the Tr1 phentoype) have been isolated
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from onchocercomas of onchocerciasis patients (130) suggesting that Treg are present in
the host-parasite interface. More recently it has been shown that individuals from a region
of Mali endemic for the filarial worms W. bancrofti or Mansonella perstans have expanded
proportions of CD4"CD25'Foxp3™ T cells, directly demonstrating that filarial nematode

infections induce Treg in human populations (84).

1.7.2 Intestinal nematodes

Peripheral Foxp3® Treg proportions are generally stable in intestinal nematode infected
individuals, but it is possible that local increases in Foxp3™ Treg occur. Despite the lack of
evidence for changes in the peripheral Treg populations, there is evidence of heightened
Treg activity in people harbouring intestinal parasite burdens. For example, T cells isolated
from Gl nematode infected children of a Tenek Indian community exhibited increased
expression of CTLA-4, which is suggestive of immune suppression (131). In areas of
Cameroon hyperendemic for A. lumbricoides and T. trichuria, lymphocytes isolated from
infected children expressed high levels of IL-10 and TGF-f and were characteristically
unresponsive to antigen indicating an immunoregulatory phenotype (132). Evidence for
bystander suppression of immunity has come from humans in which intestinal helminth
infections impede immunity to extraneous antigens (133). This bystander suppression can
have negative consequences for vaccination against viruses and bacteria. Indeed,
intestinal nematode infections are associated with reductions in immune responses to

BCG (134) and cholera vaccines (135).

1.7.3 Schistosomiasis

Immune regulation is also a key feature of human schistosome infection. In individuals
infected with the trematode S. hematobium, their T cells are hypo-proliferative and
produce reduced levels of IL-5 following re-stimulation with parasite antigen,

demonstrating that cellular immune responses are depressed (136). Those individuals
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who are employed in sand harvesting or car washing in Lake Victoria, and therefore
occupationally exposed to S. mansoni infection, exhibited increased frequencies of Treg
which were significantly decreased following drug cure, suggesting that Treg are
expanded during human S. mansoni infection (137). A relationship between Foxp3™ Treg
activity and protective immunity in human schistosomiasis has been described in a study
of S. hematobium infected Zimbabwean children; here, the ratio of Foxp3® Treg to
activated effector cells increased only in younger children at an age susceptible to peak
infection intensity. In older, more resistant children, the proportion of Treg declined with
infection intensity (138). Thus, increased proportions of Foxp3® regulatory T cells are

associated with increased susceptibility to S. hematobium infection (138).

1.8 Evidence for Treg activity in mouse models of helminth infection — immune

protection versus prevention of pathology.

Evidence of immune regulation in human helminth infection has resulted in extensive
investigations into the mechanisms of helminth induced regulation in mice. In mouse
models, diverse helminth species have been shown to promote Treg expansion,
proliferation, activation and suppressive function. Further, these helminth induced murine
Treg can directly inhibit protective immunity, immune pathology and suppress bystander
immune responses to allergens. Indeed, the opposite ends of the spectrum of host
consequences resulting from Treg activity have been observed in murine helminth
infections. In this regard, in mouse models of filarial nematode infection, Treg can prevent
the development of protective immunity and their depletion reverses immune suppression
and recovers Th2 effector immune responses without the danger of incurring
immunopathology (13-15). During intestinal nematode infections, removal of Treg can
result in stronger Th2 immunity and enhance parasite eradication but at the risk of
developing damaging pathology at the site of infection (17). At the far end of the scale,

depletion of Treg during blood trematode infection can boost Th2 effector responses but
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this has no effect on parasite clearance and comes at the cost of damaging immune

pathology (16).

1.8.1 Host immune protection - Filarial nematodes

Infection of BALB/c mice with filarial L3 stage Brugia pahangi results in expansion of
CD25" expressing Foxp3 and these cells are enriched for the cytokine IL-10. Depletion of
Treg with antibodies to CD25 restores cellular responsiveness in vitro demonstrating that
filarial induced Foxp3* Treg actively suppress the Th2 immune response (139). Similarly,
Foxp3* Treg expand and become activated in response to both the larval and adult stages
of the filarial nematode B. malayi. This only occurs following infection with live parasites
suggesting that induction of Treg is an active process. In addition, infection with B. malayi
results in Foxp3 expression in naive T cells specific for an irrelevant antigen indicating that
filarial nematodes elicit bystander Treg responses (140). Filarial infection with L.
sigmodontis invokes an early wave of Foxp3" Treg proliferation and activation that inhibits
early type 2 priming allowing establishment of infective larvae (15). Depletion of Treg prior
to larval inoculation bolsters protective immunity during the later stages of infection (15).
However, removal of Treg following establishment of infection is not sufficient to recover
protective immunity. During active infection, both Treg cells and Teff cells must be targeted
to recapitulate immunity; this is achieved by combining Treg depletion with boosting of co-
stimulatory signals to supplement the action of effector cells (13, 14). Similar to B. malayi
infection, L. sigmodontis infection can suppress immune responses to non-parasite

antigens and in doing so inhibit the development of allergic airway inflammation (141).

1.8.2 Protection and pathology - Intestinal nematodes

Expansion and activation of Treg is also a common feature of mouse models of intestinal
nematode infection. In this context Treg have been shown to block the development of

protective immunity, but at the same time they protect against tissue damage that can
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result from vigorous effector responses. H. polygyrus infection results in the development
of a strong regulatory response in the GALT (31, 32). This is characterised by an increase
in the number of highly activated CD25'CD103" Treg, and these cells are highly
suppressive in vitro (31). Treg from H. polygyrus infected mice are also highly suppressive
in vivo protecting mice from atopic inflammation in the airways of the lung. Here, transfer
of Treg from the MLN of H. polygyrus infected mice prevented inflammatory cell infiltrate
and eosinophilia in the lungs following experimental induction of allergy with ovalbumin or
the dust mite allergen Der p 1 (88, 142). Further, H. polygyrus infection impedes colitic
inflammation in IL-10 deficient mice suggesting that H. polygyrus induced Treg suppress
colitis independently of IL-10 (143). Intriguingly, H. polygyrus excretory-secretory products
(HES) convert naive T cells into Foxp3™ adaptive Treg in vitro in a manner dependent on
TFG-f signalling (144). HES induced Treg are functionally suppressive in vivo inhibiting
effector cell proliferation and airway induced inflammation (144). Thus, helminth products

can directly generate Treg from naive T cells to bring about suppression of host immunity.

Furthermore, inhibition of TGF-f signalling during H. polygyrus infection resulted in
reduced parasite burdens (144), and because this intervention targeted the induction of
Treg during late stage infection it could be argued that adaptive Treg contribute to
suppression of protective immunity. Early depletion of Treg during H. polygyrus infection
does not significantly reduce worm burdens despite enhanced type 2 cytokine production
and effector cell activation in the local lymph node (17). Instead, removal of Treg resulted
in the development of pathology at the infection site highlighting the requisite for Treg
control of tissue damage during intestinal nematode infection (17). However, expulsion of
H. polygyrus adult worms in naturally resistant mice is not evident until day 21 or 28 of
infection and in this study enumeration of worms at day 14 may have pre-empted later
expulsion. Similar to depletion of Treg during H. polygyrus infection, anti-CD25 treatment

during infection with the Treg centric S isolate of T. muris had no effect on worm burden
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but led to the development of increased gut pathology, further demonstrating the
importance of Treg in the suppression of immune pathology during intestinal nematode
infection (145). Interestingly, in this model blockade of GITR enhanced Th2 immunity and
significantly reduced worm burden suggesting that inhibiting co-stimulatory activity in Treg
can re-invigorate protective immune responses (145). However, whilst GITR blockade
successfully reduced the parasite load, like CD25 depletion, this was at the expense of
enhanced intestinal pathology (145). Depletion of Treg during intestinal nematode infection
can in some cases successfully recover protective immunity without incurring pathology.
For example, depletion of Treg prior to and during the initial stage of Strongyloides ratii
infection results in a dramatic reduction in intestinal worm burden associated with an
increased type 2 response and mast cell degranulation, but without the development of
excessive immunopathology (146). Therefore, Treg cells actively suppress protective
immune responses during intestinal nematode infection and inhibit worm clearance but at

the same time act to protect the host from damaging pathology.

1.8.3 Prevention of pathology — trematode infection

In mouse models of S. mansoni infection Treg serve primarily to protect the host from egg-
induced immunopathology. Following the onset of egg deposition, Foxp3™ Treg at the site
of infection and within the draining lymphoid organs develop an activated phenotype and
limit the production of egg-induced Th2 cytokines (85). Indeed, Foxp3™ Treg expressing
activation associated genes such as granzyme B and neuropilin-1 are present within the
egg-induced granuloma (147). When Treg populations are diminished during S. mansoni
infection, either by the absence of Toll-like receptor (TLR)-2 mediated priming or anti-
CD25 treatment, egg- induced hepatic immunopathology is exacerbated (16). Conversely,
over expression of Foxp3 by retroviral transfer actively suppresses the development of

hepatic immune granulomas during the egg-phase of S. mansoni infection (148).
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Accordingly, Foxp3® Treg are an essential component in the control of S. mansoni egg-

induced hepatic pathology.

Foxp3* Treg are not, however, exclusive suppressors of hepatic immunopathology during
acute S. mansoni infection. Much of the control of egg-induced granulomas has been
attributed to the suppressive effects of IL-10 (30). In this respect, immune suppression by
IL-10 is superior to that of Foxp3™ Treg in that lethal egg-induced immunopathology only
occurs when Treg are depleted in the absence of IL-10 (115). Whilst IL-10 production is
cited as a principal mechanism of Treg suppressive function (149), and both IL-10 and
Foxp3 have been implicated in the down-regulation of anti-helminthic immune responses,
the two appear to act independently during S. mansoni infection (85). In S. mansoni
infection, the main sources of IL-10 are most likely activated Th2 cells expressing CD25

and/or Foxp3™ IL-10" CD25" CD4" T cells with characteristics of Tr1 cells (87, 150).

1.8.4 Evidence for Tr1 cells in helminth infections

Foxp3'CD4'IL-10" cells are also key suppressors of immune inflammation in other
helminth infections. During T. spiralis infection, inflammatory immunity and tissue
pathology was tempered by IL-10 from CD25CD4" effector T cells (86). In filarial infected
humans, CD4" CD25" putative Tr1 cells are the dominant source of IL-10 (90). Similarly, T
cell clones from onchocerciasis patients secreted high amounts of IL-10 and had a Tr1
phenotype (151). Reacting to S. mansoni egg antigens, Foxp3'CD25'CD4" T cells
expressing the chemokine receptor CCR8 were the foremost producers of IL-10 (150). In
addition to Tr1 cells, the appearance of Foxp3'CD4" IL-35 producing T cells during T.
muris infection (152) suggests that iTr35 may be important in the control of helminth-

induced immune responses.
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1.9 T cell activation requires two signals

The above studies demonstrate that the generation of a properly regulated immune
response is essential to maintain homeostasis during helminth infection, striking the
balance between protective immunity and damaging immunopathology. To generate an
immune response, naive T cells must first be activated by cognate antigen in the presence
of non-cognate co-stimulatory signals before they can begin to proliferate and differentiate.
However, it is now understood that co-stimulators do not just act as a molecular on-off
switch for T cells, but instead function as a complex signalling network of receptors and
ligands that can quantitatively and qualitatively configure immune responses, affecting T
cells, B cells and DCs. CD28 was the first T cell co-stimulator to be characterised and
recognised as the prototypical co-stimulatory molecule in that its ligation allows TCR
generated signals to result in effective T cell activation, and in its absence a state of
anergy ensues that cannot be recovered by further stimulation, even in the presence of
other co-stimulatory molecules (153). Both resting and activated T cells express CD28 and
following engagement with one of its two ligands (CD80 and CD86 which are only
expressed by APCs) the signals generated drive T cell proliferation, survival, differentiation
and cytokine production (154). Since the initial description of CD28 the field of co-
stimulation has expanded dramatically with the discovery of many additional co-stimulatory
pathways, the relative importance of which depends on the T cell subset, activation status,
tissue location and the particular stage of the immune response. For, example, alongside
CD28, the members of the tissue necrosis factor receptor (TNFR) family GITR, OX-40,
CD40L and 4-1BB provide important signals for a complete T cell response (155).
Furthermore, the discovery of inhibitory co-stimulators that can have antagonistic effects
on the immune response added to the complexity of the co-stimulatory domain.

Accordingly, the CD28 family of co-stimulatory receptors now includes the inhibitory co-

37



stimulators cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death-ligand 1

(PD-1) (156).
1.9.1 Negative co-stimulatory signals inhibit T cell action

CTLA-4 shares the same ligands as CD28, but unlike CD28 which is constitutively
expressed by T cells, CTLA-4 is only upregulated after T cell activation and delivers a
negative signal antagonizing the positive signals of CD28 (157). CTLA-4 signalling inhibits
T cell IL-2 synthesis, cell cycle progression and proliferation so that ligation of CTLA-4
results in the dissolution of T cell responses (157). The important contribution of negative
co-stimulatory signals to the control of peripheral tolerance is dramatically demonstrated in
Ctla-4" mice who succumb to a fatal lymphoproliferative disease a few weeks after birth
(158). Moreover, mutations in the CTLA-4 gene have been associated with increased
susceptibility to a variety of autoimmune diseases in mice and humans (159). CTLA-4
signalling can also inhibit the development of pathogenic Th17 responses. For example,
antibody blockade of CTLA-4 results in increased Th17 differentiation and increased IL-17
production in vitro and in vivo (160). Importantly, Teff cell expression of CTLA-4 can impair
anti-tumour immunity and lead to tumour progression (161) so that targeting CTLA-4

signalling may prove an effective strategy for cancer immunotherapy.

Similar to CTLA-4, the primary role of PD-1 is to attenuate effector immune responses and
when the suppression of immunity by PD-1 is lifted it leads to the development of
autoimmunity. Indeed, deletion of PD-1 in diabetes prone mice speeds the development of
disease (162). In addition, blockade of PD-1 and PDL-1 interactions following
transplantation results in the break down of immune tolerance and accelerates graft
rejection (163). Furthermore, PD-1 signalling is implicated in the attenuation of anti-tumour
immunity (164), and tumour cells themselves have been shown to express one of the

ligands of PD-1 to suppress immunity (165). Disruption of this interaction can recover
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tumour specific immune responses and improve survival rate (164, 165). In the context of
helminth infection, inhibtion of PD-1 signalling during L. sigmodontis infection reverses the
hypo-responsive state of Th2 cells to promote protection to infection (Dr N. Van der Werf,
Dr Matthew Taylor, submitted manuscript). Alongside CTLA-4 and PD-1 a number of new
coinhibitory pathways have now been described. For example, B7-H3 is a member of the
B7 family of co-stimulators that is expressed by T cells, DCs and monocytes (166). The
ligand of B7-H3 is proposed to be the triggering receptor expressed on myeloid like cells
(TREM)-like transcript 2 (TLT2), which is expressed by CD4" and CD8" T cells after
antigen activation. Treatment with an antagonistic B7-H3 mAb leads to early onset
experimental autoimmune encephalomyelitis (EAE) and more severe clinical disease
associated with increased brain infiltrating CD4" T cells (167), and B7-H3 deficiency can
lead to greater airway inflammation under Th1 polarising conditions (168) suggesting a
role for B7-H3 in negative regulation of T cell responses. B7-H4 is a recent addition to the
B7 family associated with downregulation of T cell responses. Stimulation of B7-H4 on the
NOD background reduces insulitis and increased pancreatic Foxp3® Treg infiltration
suggesting B7-H4 contributes to suppression of autoinflammation (169). Other inhibitory
molecules include B and T cell lymphocyte and attenuator (BTLA-4), herpesvirus entry
mediator (HVEM) and LIGHT which can interact with each other with HVEM acting as a
central regulator that can direct negative or positive signals depending on ligand binding
(166). CD160 can also bind HVEM but little is yet know regarding the function of this
interaction (166). In summary, inhibitory co-stimulatory signals counter the effects of
positive co-stimulators to shut down T cell responses and mediate tolerance, but in some
cases suppression of host immunity through co-inhibition impairs immunity to infectious

pathogens and host malignancies.
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1.10 Co-stimulatory signals drive Treg generation and function

Similar to Teff, Treg express an antigen specific receptor and are dependent on co-
stimulatory signals for their development and function (157, 170, 171), and in this regard
co-stimulatory molecules originally shown to promote T cell responses are now also
implicated in negative immune regulation, whereas inhibitory signals from CTLA-4 and PD-
1 can potentially augment immunity by shutting down Treg. As is the case for Teff, the
most well characterised Treg co-stimulator is CD28 and its importance as a regulator of
Treg homeostasis attributes this positive co-stimulator with the capacity to maintain
peripheral tolerance. This was initially observed following CD28 deficiency on the Non-
obese diabetic (NOD) background, which results in the development of an aggressive form
of diabetes that was associated with a dramatic loss of Treg in the periphery (171). Control
of disease could be restored by addition of WT Treg, demonstrating that CD28 signalling is
critical to maintain Treg populations and prevent auto-immune disease (171, 172).
Furthermore, blockade of the CD28 pathway leads to a rapid reduction in the proportion
and numbers of peripheral Treg (173) highlighting the importance of CD28 in the
maintenance of Treg survival in the periphery. In addition, CD28 is also essential to
promote Treg cell proliferation and expansion in vitro (174) and in vivo (173). Thus, CD28
is emerging as an important mediator of Treg development and function and in this
manner contributes to the maintenance of tolerance in the peripheral tissues. However,
the role of other co-stimulatory molecules in this regard is less clear, and the effects of
other co-stimulatory molecules on Treg function are still being explored and in some cases
remain controversial. For example, some studies have shown that the TNFR family
members OX-40L and 4-1BB can promote the generation, survival or expansion of Treg
(175-178), yet other studies suggest that OX-40L and 4-1BB signalling inhibit the
generation of Tregs, or that they alter Treg suppressive function (179-181). Other

members of the TNFR family, such as CD40L and GITR, have also been proposed to
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contribute to the homeostasis and function of Treg, but they may have a greater influence
on Teff than Treg (182-185). Indeed, GITR expression can render effector cells more
resistant to suppression (186), which is consistent with the co-stimulatory activity of GITR.
Therefore, studies are beginning to show that co-stimulatory molecules are of principal
importance in regulating the actions of Treg, but much remains to be learned regarding the
contribution of some of the more recent additions to the co-stimulatory families. Because
Treg are fundamental to the control of autoimmune disease and allergy, and for the
suppression of host immunity and pathology during helminth infection, and understanding
of the co-stimulatory mechanisms governing their induction and function is essential for
the development of new therapeutics to treat these disorders. Recently, the third member
of the CD28 family of co-stimulatory receptors, the inducible co-stimulator (ICOS), has
been implicated in the development and function of Treg in the context of autoimmune
disease, but little is known of the mechanisms underpinning its contribution to Treg, and it

is not known if ICOS is required for the Treg generated during infectious disease.
1.11 ICOS biology

Similar to CD28, ICOS delivers positive costimulatory signals following engagement of its
cognate ligand, but whilst the expression of CD28 is constitutive, ICOS is expressed at
very low levels by naive T cells and is only upregulated following T cell activation (187,
188). T cell ICOS expression has been shown to be enhanced by CD28 signalling (189).
However, the presence of functional ICOS proteins on the surface of CD28" T cells
suggests that upregulation of ICOS expression can occur independently of CD28 (190).
Only one ligand for ICOS has been described, ICOS-L, which is constitutively expressed
as a monomer on B cells, DCs, monocytes/macrophages, fibroblasts, endothelial cells and
renal epithelial cells (191-195). Human monocytes can up-regulate the expression of

ICOS-L in response to IFN-y, but not to lipopolysaccharide (LPS) or CD40 ligation (191).
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However, ICOS-L expression is up-regulated by murine fibroblasts following exposure to
TNF-a and LPS (196). On B cells, the expression of ICOS-L is downregulated in response
to B cell receptor engagement or IL-4R signalling; this BCR/IL-4 mediated downregulation

can be reversed via CD40 ligation (192).

1.12 ICOS drives T cell effector responses

Initial studies into the effects of ICOS co-stimulation on T cells described a role for ICOS in
T cell proliferation and secretion of both Th1 and Th2 effector cytokines (188, 189, 197).
Expression of ICOS was notably high on T cells within B cell follicles (187) and analysis of
ICOS deficient mice demonstrated that the ICOS pathway is essential for T-B cell
interactions (198, 199). Further work has gone on to show that ICOS is an important co-
stimulator for the all major T cell effector subsets including Th1, Th2, Th17 and Tfh (200-
204). In addition, novel innate helper cells induced by the cytokines IL-25 and IL-33 have
been shown to express high levels of ICOS (34), the significance of which has yet to be
described. Importantly, recent evidence has attributed ICOS to the action of Treg cells,

including Tr1 cells (205, 206), Foxp3™ Treg (207, 208) and most recently iTr35 (209).

1.12.1 ICOS signalling and Th1 immunity

Early in vitro work showed that stimulation of ICOS resulted in the production of the Th1
associated cytokines IFN-y and TNF-a, but also the Th2 cytokines IL-4, IL-5 and IL-10
(199) highlighting that ICOS is not specific to one type of immune response. In vivo, ICOS
signals collaborate with CD28 to contribute to the Th1 response to Lymphocytic
choriomeningitis virus (LCMV) infection (201). Similarly, ICOS deficiency leads to reduced
IFN-y from CD4" T cells during infection with Salmonella enterica, demonstrating that
ICOS promotes Th1 responses to bacterial infections (202). Indeed, in human
mycobacterium infection, ICOS expression correlated with T cell IFN-y production and

ICOS ligation augmented IFN-y secretion (210). In a transfer model of colitis, stimulation of
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intestinal CD4" T cells with ICOS-L induced high levels of IFN-y production, and blockade
of ICOS in the absence of CD28 prevented disease progression suggesting that ICOS
contributes to Th1 mediated auto-inflammation (200). The protozoan parasite Toxoplama
gondii polarises a strong Th1 response that controls parasite replication. During T. gondii
infection, CD4" effector T cells producing IFN-y have elevated ICOS expression (211);
following ablation of ICOS signals, T. gondii antigen specific T cell IFN-y production
declined, indicating that ICOS contributes to Th1 immunity during parasite infection (203).
Taken together, these observations suggest that the ICOS pathway is important for Th1
immune responses in both diverse infection models and settings of Th1 mediated auto-

immunity.

1.12.2 ICOS signalling and Th2 immunity

ICOS co-stimulation also aids polarisation and maintenance of Th2 immunity in both
infection settings and allergic disorders. At the molecular level, ICOS signalling promotes
expression of the Th2 associated transcription factors c-maf (212) and NFATc1 (213) and
in doing so contributes to early IL-4 production following T cell activation in vitro (212). In
addition, ICOS ligation enhances IL-4R signalling resulting in the phosphorylation and
activation of the master regulators of Th2 differentiation, STAT-6 and GATA-3 (214). Thus,
ICOS has been shown to contribute to early in vitro Th2 polarisation through enhancement

of IL-4 signalling and induction of Th2 associated transcriptional regulators.

In vivo work has demonstrated a role for ICOS in the maintenance of Th2 responses in
models of allergic airway inflammation. In ICOS deficient mice, following induction of Th2
airway inflammation using either OVA or S. mansoni eggs and egg antigen, lung T cells
stimulated ex vivo produced severely diminished amounts of the key Th2 cytokines IL-4
and IL-13 (197, 215). A more intricate dissection of the effects of ICOS on Th2 airway

inflammation was achieved using an ICOS blocking antibody at different stages of the Th2

43



response. In vivo blockade of ICOS during the priming phase of OVA induced airway
inflammation had no effect on bronchiolar lavage (BAL) Th2 cytokines IL-4, IL-5. IL-10 and
IL-13, but in contrast if ICOS was blocked once airway inflammation was established then
BAL Th2 cytokines were significantly reduced (216). Similarly, ICOS blockade during S.
mansoni egg sensitisation in an SEA model of Th2 driven airway allergy did not affect lung
T cell cytokine production. However, if ICOS was blocked in vitro following ex vivo isolation
of lung T cells then Th2 responsiveness was significantly reduced (217). This is in
contrast with in vitro work suggesting ICOS aids early Th2 polarisation, and instead implies
that ICOS is dispensable for Th2 priming in vivo but that it is required for an optimal Th2

response, once this has been established.

The ICOS pathway has also been shown to be important for the Th2 response to helminth
infection. During S. mansoni infection, ICOS expression was associated with CD4" effector
T cells secreting Th2 cytokines in the liver (211). Following infection with the Gl nematode
N. brasiliensis the levels of IL-4, IL-5, IL-10 and IFN-y increase in the local lymph node. In
this model, antibody blockade of ICOS signalling reduced the levels of both Th1 and Th2
cytokines, demonstrating that ICOS contributes to the development of a complete Th2 cell
effector response (201). In addition, infection of ICOS™ mice with T. muris results in
decreased lymph node IL-4 and IL-13, whilst the levels of IFN-y are increased (203).
Furthermore, in mice infected with the Gl nematode T. spiralis, treatment with an anti-
ICOS antibody reduces levels of IL-4 and IL-5, yet IFN-y production is increased (218).
These studies highlight the importance of the ICOS pathway in the development of full Th2

effector responses in the lymphoid tissue following intestinal nematode infection.
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T cells are not the only players in type 2 immunity and a number of innate effector cells
can contribute to the induction, maintenance and regulation of the type 2 responses. New
amongst these innate cells are the innate helper 2 cells (IHCs) which loosely
encompasses a group of lineage negative cells which produce type 2 cytokines in
response to the epithelial cell derived cytokines IL-25, IL-33 and TSLP (219). In the
context of helminth infection, IHCs have been identified during infection with the intestinal
nematodes N. brasiliensis (34, 35) and T. muris (36), and by providing an early source of
IL-13 they are essential for the development of a competent type 2 response and parasite
expulsion (34). Moreover, IL-13 is one of the key cytokines in the development of allergic
asthma, and innate helper 2 cells have now been shown to be a dominant source of IL-13
during allergic lung inflammation, being sufficient to induce asthma in the absence of I1L-13
producing CD4" T cells (220). Interestingly, IHCs can be identified on the basis of a
number of cell surface markers including ICOS (34). However, the functional significance

of ICOS expression by IHCs is not known.

1.12.3 ICOS signalling and Th17 immunity

Th17 cells are important for the protection against of bacterial and fungal pathogens, but
they also inadvertently mediate autoimmune diseases such as EAE, inflammatory bowel
disease and collagen-induced arthritis (221). ICOS has been shown to contribute to T cell
IL-17 production both in vitro and in vivo following stimulation with antigen (222).
Mechanistically, ICOS has been shown to maintain Th17 responses through activation of
the transcription factor c-maf which leads to IL-21 production (204). IL-21 enhances
expression of the IL-23 receptor which acts on previously differentiated Th17 cells to
maintain their phenoytpe (223). The demonstration that ICOS is required for the
maintenance and function of Th17 cells implicates this co-stimulator in immunity to certain
microbes, and in the development of autoimmune disease. Interestingly, similar to its role

in Th2 driven allergic airway inflammation, ICOS has different effects on the pathogenesis
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of the Th17 mediated disease EAE depending on the kinetics of ICOS blockade. Blockade
of ICOS at a stage of EAE when immune priming is thought to occur exacerbated
symptoms of disease, suggesting a regulatory role of ICOS at this stage (224).
Conversely, blockade of ICOS during the efferent phase of EAE ameliorated disease
pathology. Thus, in line with in vitro work, during EAE, ICOS maintains Th17 effector
function once this response has been established and in doing so enhances the severity of

disease (224).
1.12.4 ICOS signalling and Tfh

ICOS expression was first noted in the follicular regions of the lymph nodes and in human
tonsils. The initial characterisation of ICOS deficient mice showed defective germinal
centre formation and poor T cell dependent antibody responses (198, 199, 225). Similarly,
ICOS deficiency in humans has been associated with the development of common
variable immuno-deficiency, characterised by a severe reduction in serum
immunoglobulin, impaired specific antibody production and increased susceptibility to
bacterial infections of the Gl and respiratory tracts (226). Further investigations into ICOS
deficient patients demonstrated that the formation of germinal centres is dramatically
impaired and the proportion of circulating CXCR5'CD4" germinal centre T cells is severely
diminished (227). These observations are mirrored in ICOS™ mice, where ICOS deficient T
cells fail to up-regulate CXCRS5 resulting in reduced numbers of Tth and impaired germinal
centre (GC) formation, demonstrating the dependency of CXCR5"CD4" follicular helper T
cells on ICOS co-stimulation (227). Mechanistically, it has been shown that ICOS is
required for the production of the key Tfh cytokine IL-21 (204, 228), and that B cell
expression of ICOSL is necessary for IL-21 production (229). Furthermore, ICOS signalling
is critical for the induction of the Tfh master transcription factor Bcl6 suggesting a role for
the ICOS pathway in the lineage commitment of Tth (230). In contrast to ICOS deficient

mice, in Sanroque mice, which have an inactive form of Roquin that degrades ICOS
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mMRNA leading to over expression of ICOS (231), increased ICOS signalling leads to
increased IL-21 production, greater expansion of Tfh and the development of a
autoimmune lupus-like syndrome due to high titres of auto-antibodies (232). Thus, ICOS is
essential for the development, maintenance and function of Tth cells. Moreover, the Tfh
requirement for ICOS implicates ICOS as an important mediator of anti-helminth type 2
immunity following the demonstration that Tfh are an important source of IL-4 during both
H. polygyrus infection (40) and S. mansoni egg immunisation (233). Whether ICOS is

required for Tfh cell expansion during helminth infection has not been investigated.
1.13 ICOS co-stimulation and regulatory T cells

Numerous lines of evidence have demonstrated that ICOS is an important positive co-
stimulator of CD4" T cell immune responses, and that the functional significance of ICOS
expression is not limited to a particular Th subset, rather ICOS promotes Th1, Th2, Th17
and Tfh cell responses once they have been initiated. However, it is clear that some T cell
subsets show a greater degree of dependency on ICOS signalling, as evidenced by the
strict requirement of Tfh for ICOS co-stimulation. In contrast to its role in driving positive
immune responses, relatively little is yet known in regard to the importance of ICOS
expression on Treg. ICOS is expressed at higher levels on Foxp3® Treg than Foxp3~ Teff
(207) suggesting that the reliance of the Foxp3™ Treg subset on ICOS signalling exceeds
that of Foxp3™ Teff. Thus, as a positive co-stimulator of Treg responses the ICOS pathway
can also potentially act as a negative regulator of immunity, but the manner in which ICOS

contributes to Foxp3™ Treg responses is not known.
1.13.1 ICOS signalling and Foxp3* Treg

A growing body of evidence has suggested ICOS is of importance to Foxp3® Treg. For
example, under homeostatic conditions, ICOS is expressed at high levels on Foxp3™ Treg,

and ICOS” mice harbour 30% fewer Foxp3* Tregs than WT mice, demonstrating the
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importance of ICOS for Foxp3* Treg (207). The Foxp3® Treg reduction in ICOS™ mice is
specific to the periphery, and thymic proportions of Foxp3* Treg are intact suggesting that
ICOS is dispensable for Treg thymic generation but that it contributes to their maintenance
in the periphery (207). In humans, Foxp3® Treg can now be subdivided on the basis of
ICOS expression, and both ICOS'Foxp3® Treg and ICOSFoxp3™ Treg exist within the
thymus and peripheral lymphoid tissues. The two populations mediate suppression
through distinct molecular mechanisms; ICOS™ Treg utilise IL-10 in conjunction with TGF-
3, whilst ICOS™ Treg suppress through TGF-f alone (234). It was further demonstrated that
two separate dendritic cell lineages govern the in vitro proliferation of ICOS"™ and ICOS”
Foxp3* Treg. Plasmacytoid dendritic cells (pDCs) preferentially promoted the proliferation
of ICOS*Foxp3™ Treg in a manner dependent on ICOS-L, whereas the proliferation of
ICOS Foxp3* Treg was selectively promoted by myeloid dendritic cells (mDCs) through the
co-stimulatory ligands CD80 and CD86 (234). Taken together, these observations suggest
that ICOS is important for the maintenance of Foxp3™ Treg in the periphery under

homeostatic conditions.
1.13.2 ICOS and Tr1 cells

ICOS co-stimulation is also important for the development and function of Tr1 cells. For
example, T cells expressing ICOS at high intensity are potent producers of IL-10, which is
a phenotype associated with Tr1 cells (235). In transgenic mice that express ovalbumin
under the control of the rat insulin promoter, high levels of ovalbumin expression resulted
in the development of hyporesponsive CD4" IL-10 producing cells, which expressed high
levels of ICOS. Following ICOS blockade, the production of IL-10 was abrogated, and the
ability of these cells to suppress T cell proliferation was lost (206). In a mouse model of
asthma, adoptive transfer of IL-10™" T cells inhibited the development of airway hyper-

reactivity (AHR). Treatment with an anti-ICOS antibody reversed IL-10 dependent
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tolerance and led to the development of severe AHR (205). Indeed, the generation of IL-10
producing Tr1 cells is mediated through pDCs in a manner dependent on ICOS-L (236).

Thus, ICOS is required for the development and function of Tr1 cells.
1.13.3 ICOS controls Treg function in in vivo models of autoimmunity

The requirement for ICOS in the function of regulatory cells has been demonstrated in a
number of autoimmune models. For example, in BDC2.5 T cell transgenic mice expressing
a T cell receptor (TCR) derived from a diabetogenic CD4" T cell clone, pancreatic Treg
express high levels of ICOS and IL-10. Treatment with an anti-ICOS antibody disrupted
the ratio of IL-10 producing Treg to Teff cells allowing the rapid development of diabetes
(237). Further work with these mice showed that ICOS was preferentially expressed by
islet Foxp3™ Treg, and expression of ICOS endowed Treg with enhanced suppressor
function and IL-10 production. In addition, ICOS deficient Treg were unable to inhibit the
induction of diabetes in a transgenic transfer model suggesting that ICOS” Treg fail to
control auto-reactive Teff cells (208). As previously mentioned, the observation that
blockade of ICOS during the antigen-priming phase of EAE exacerbated disease
symptoms could be attributed to an ICOS dependent Treg defect, resulting in an enhanced
effector response and subsequent immune pathology (224). Together, these observations
suggest that ICOS is required for Foxp3™ Treg suppressive function in vivo and in doing so

contributes to the maintenance of peripheral tolerance.
1.13.4 Evidence for ICOS in human Treg function

In support of these observations made in mice, new clinical evidence suggests that ICOS
is required for optimal Treg function in humans. In children recently diagnosed with insulin
dependent diabetes mellitus, it was demonstrated that CD4*CD25'CD127"°" cells had
reduced levels of ICOS mRNA, associating ICOS deficiency with a breakdown in the

control of auto-reactive T cells in humans (238). Whilst most ICOS deficient humans
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exhibit symptoms of common variable immuno-deficiency (CVID), a recent report
describing the immunological phenotype of two ICOS deficient siblings demonstrated a
reduction in the expression levels of Foxp3 and a reduction in the proportion of CTLA-4"
IL-10 producing Treg (239). Interestingly, the female sibling showed signs of rheumatoid
arthritis, inflammatory bowel disease, interstitial pneumonitis and psioriasis indicating a
high degree of immune auto reactivity. Thus, evidence suggests that ICOS plays a part in

the peripheral control of immune self-reactivity in humans.
1.13.5 Role for ICOS in Treg responses to infectious pathogens

The evidence described above suggests an important role for ICOS in the function and
maintenance of both Foxp3®™ Treg and Tr1 cells under conditions of autoimmune
inflammation and homeostasis. However, little is known regarding the role of ICOS in the
function and maintenance of Treg generated in response to infectious pathogens. Some
evidence suggests that through Treg ICOS signalling contributes to the suppression of
protective immune responses during infection with the genital tract resident Th1 inducing
bacteria Chlamydia trachomatis. ICOS™ mice had much stronger protective immunity to
reinfection with Chlamydia trachomatis than their WT counterparts due to increased
frequencies of IFN-y producing CD4" T cells (240). This was, however, at the expense of
increased immunopathology in the genital tract as a consequence of reduced Treg activity;
levels of Foxp3 in the draining lymph nodes were much lower in the absence of ICOS
(240). During S. mansoni infection, blockade of ICOS during the onset of the acute phase
of disease led to enhanced egg-induced immunopathology suggesting impaired immune
suppression (241). This was attributed to reduced levels of hepatic T cell IL-10, and
increased levels of IFN-y, but expression of Foxp3, and the phenotype of IL-10 secreting
cells was not investigated (241). Infection with L. sigmodontis leads to a rapid increase in
the proportion of Foxp3™ Treg expressing ICOS suggesting ICOS is important for Treg

function as these Treg were implicated in the suppression of protective immunity (15).
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The studies highlighted above suggest a new role for ICOS co-stimulation in the down-
regulation of immune responses in the settings of immune homeostasis and control of
reactivity to self-antigen, and there are some hints of evidence that ICOS contributes to
Treg during infection settings. However, the functional significance of ICOS expression on
Treg has not been investigated and the mechanisms underlying immune regulation by
ICOS co-stimulation are not known. Furthermore, very little is known regarding the role of
ICOS in regulatory T cell responses generated during pathogenic infections. In the context
of helminth infection, ICOS co-stimulation has only been investigated in regard to type 2
immunity and it is not known if ICOS is required for Treg responses to helminth infection.
We have seen that during helminth infection, Treg responses play dualistic roles in the
suppression of protective immunity and prevention of immune pathology. If ICOS co-
stimulation is indeed required for optimal Treg responses following helminth infection then
ICOS is implicated as a determinant in the outcome for the helminth infected host. We
hypothesised, therefore, that alongside its more noted role as a positive co-stimulator of
effector immune responses, ICOS is also important for the development and maintenance
of Foxp3™ Treg responses during helminth infection, and through these actions ICOS co-
stimulation contributes to suppression of host protection to helminth infection and the

development of damaging immunopathology.
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Chapter 2. Materials and Methods
2.1 Animals, infections, and parasites

The following mice were used for in vivo parasite infections: C57BL/6, ICOS™ mice (242),
C57BL/6 RAG" and BALB/c mice were bred in-house. TIGER mice were a gift from Dr. R.
A. Flavell (243) and Ly5.1 and Ly5.2 Foxp3 GFP mice were bred in house. TIGER mice
were crossed with ICOS” mice to generate TIGER ICOS™ in house. Mice were maintained
under specific pathogen-free conditions at the University of Edinburgh. Mice were used at
6-8 wks (wk) of age, and all animal work was conducted in accordance with the Animals
(Scientific Procedures) Act 1986. Male mice were infected with 200 H. polygyrus bakeri L3
larvae by oral gavage. Biomphalaria glabrata snails infected with S. mansoni were
obtained from F. Lewis (Biomedical Research Institute, Rockville, MD). Female mice were
infected percutaneously with 70 S. mansoni cercariae. The L. sigmodontis life cycle was
maintained in gerbils using the mite vector Ornithonyssus bacoti and mice were infected
with 25 L. sigmodontis L3 larvae sub-cutaneously (s.c.) on the upper back. C57BL/6,
ICOS™, C57BL/6 RAG™, TIGER and TIGER ICOS™ were used for H. polygyrus infections.
C57BL/6, ICOS™ and TIGER mice were used for S. mansoni infections. BALB/c mice were

used for L. sigmodontis infections.

To enumerate adult H. polygyrus worms, small intestines were removed and worms were
excised with forceps. For faecal egg counts, faeces was dissolved in saturated NaCl
solution and eggs were counted under a microscope using a counting chamber. The
average of three faecal egg counts were taken. To isolate and count adult S. mansoni
parasites, mice were hepatically perfused with ~ 30 ml sterile and ejected worms were
collected. S. mansoni eggs liver eggs were counted following digestion in 4% potassium
hydroxide buffer/g liver tissue at 37°C. For measurement of egg-induced granulomas,

paraffin-embedded liver sections were stained with Haematoxylin and Eosin and
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granuloma size was microscopically determined (LEICA compound microscope and
imaging software). Only well defined granulomas containing one visible egg were

measured.

2.2 In vivo antibody, recombinant protein and BrdU treatments

To label dividing cells in vivo mice received an intra-peritoneal (i.p.) injection of 1 mg BrdU
(Sigma-Aldrich) in PBS 24-hours prior to autopsy. For BrdU pulse chase experiments mice
received an i.p injection of 1 mg BrdU in PBS post H. polygyrus infection followed by
administration of BrdU in the drinking water at 0.8 mg/ml for a further 3 days thus
comprising the pulse. To block ICOS, mice received an i.p injection of 500 ug of anti-ICOS
antibody (17G9, Bioxcell) every 3 days starting on day 0 of infection with either H.
polygyrus or S. mansoni. To induce nuocytes mice mice received an i.p. injection of 400

ng of recombinant IL-17E (IL-25) (Peprotech) on day 0, 1 and 2 prior to autopsy on day 4.

2.3 Cell purifications and in vitro restimulations

For H. polygyrus infections the MLN and small intestines were isolated. For acute egg-
phase S. mansoni infections the MLN, spleen and liver were collected. For early S.
mansoni infections, the lungs, thoracic lymph nodes (tLN) draining the pleural cavity, the
inguinal lymph nodes (iLN) draining the abdominal skin and the spleen were collected. For
L. sigmodontis infections, throacic lymph nodes and the spleen were collected and pleural
cavity cells were obtained by lavage. MLN, tLN, iLN and spleens were dissociated to
obtain a single cell suspension and washed in RPMI 1640 (Invitrogen) supplemented with
100 U/mL penicillin, 100 ug/mL streptomycin, 2 mM L-glutamine and 5% foetal-calf serum

(FCS).

To isolate LP mononuclear cells from the small intestine, external adipose tissue and

Peyers Patches were removed. The intestine was opened longitudinally, washed in cold
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RPMI 1640 (Invitrogen) supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin,
3% FCS and 0.02 M Hepes (Sigma), cut into 1cm pieces, and washed a further three
times in Wash Buffer comprising of RPMI 1640 supplemented with 100 U/mL penicillin,
100 ug/mL streptomycin, 0.02 M Hepes and 2 mM EDTA (Invitrogen). The small intestine
segments were incubated for 15 mins at 37°C in RPMI 1640 supplemented with 100 U/mL
penicillin, 100 ug/mL streptomycin, 3% FCS, 0.02 M Hepes, 0.16mg/ml DTT (sigma) and
5.5 mM EDTA then washed a further three times in Wash Buffer followed by a second
incubation for 30 mins at 37°C in RPMI 1640, supplemented with 100 U/mL penicillin, 100
ug/mL streptomycin, 2 mM L-glutamine, 0.02M Hepes, non-essential amino acids (NEAA)
(Invitrogen), 1 mM Sodium Pyruvate (Invitrogen), 0.5 mM p-Mercaptoethanol, 0.1 mg/ml
liberase TL (Roche) and 0.5 mg/ml DNase | from bovine pancreas (Sigma). The digested
small intestine was passed through 70 and 40 um filters (BD Biosciences) to obtain a

single cell suspension.

To isolate liver cells, the two large lobes of the liver were resuspended in RPMI 1640 with
5% FCS (Invitrogen), 100 U/mL penicillin- 100 ug/mL streptomycin and 2 mM L-glutamine.
Liver lobes were then disrupted and incubated with collagenase D 250 ug/mL (Roche) and
DNAse 10 ug/mL (Roche) for 30 min at 37°C before being ground through a 70 um nylon
mesh to prepare a single cell suspension. After being washed twice in RPMI 1640, liver
leukocytes were separated on a 40% (vol/vol) percoll gradient (2000 RPM for 20 min). The
leukocytes were washed once in MACS buffer before being treated for 5 min with 5 ml red
blood cell lysis buffer (Sigma). The leukocytes were washed a further two times in MACS

buffer before counting.

To isolate lung lymphocytes, the two lung lobes were resuspended in RPMI 1640 with 5%
FCS (Invitrogen), 100 U/mL penicillin- 100 ug/mL streptomycin and 2 mM c-glutamine. The

lobes were then mechanically dissociated prior to incubation in collagenase D 250 ug/mL
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(Roche) and DNAse 10 ug/mL (Roche) for 30 min at 37°C before being ground through a
70 um nylon mesh to prepare a single cell suspension. After being washed twice in RPMI
1640, lung leukocytes were treated for 5 min with 5 ml red blood cell lysis buffer (Sigma).

The leukocytes were washed a further two times in MACS buffer before counting.

For measurement of intracellular cytokines, cells were stimulated for 4 hours with 0.5
ug/ml PMA and 1 ug/ml ionomycin, with 10 ug/ml Brefeldin A added for the final 2 hours

(Sigma Aldrich).
2.4 CD4 negative enrichment and FACS sorting
2.4.1 Ly5.1/5.2 Foxp3 GFP RAG™ transfer experiment

MLN and spleens were isolated from Ly5.1 or Ly5.2 Foxp3 GFP mice and placed into
RPMI 1640 (Invitrogen) supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin, 2
mM L-glutamine and 5% FCS. These were then dissociated to obtain a single cell
suspension and washed in RPMI 1640 (Invitrogen) supplemented with 100 U/mL penicillin,
100 wg/mL streptomycin, 2 mM L-glutamine and 5% FCS. Cells were resuspended in
HBSS with 2% FCS and stained with the following Abs to negatively enrich for CD4" cells:
anti-CD8 (53.6.72), anti-B220 (RAB632), anti-CD11b (M1/70) and anti-MHCII
(M5/114.152) and incubated with dynal M450 sheep-anti-Rat IgG beads (Invitrogen) at 4°C
for 20 mins. Bound cells were removed with a magnet and the unbound cells in the flow-
through were collected and counted before staining with allophycocyanin-conjugated anti-
CD4 (RM4-5, BD Bioscience). Cells were washed three times in HBSS with 2% FCS
before FACS sorting for Ly5.2 GFP" or Ly5.1 GFP" populations on a FACSAria cell sorter
(BD Bioscience). 7.4 x 10° and 3.7 x 10° Ly5.2 GFP* and Ly5.1 GFP" cells respectively
were transferred into RAG” mice via intra-venous (i.v.) injection. Recipient mice were

given 6 wks for immune reconstitution before infection with H. polygyrus.
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2.4.2 Reconstitution of ICOS” mice with WT Foxp3 effector T cells

MLN and spleens were isolated from Ly5.1 Foxp3 GFP mice and placed into RPMI 1640
(Invitrogen) supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin, 2 mM L-
glutamine and 5% FCS. These were then dissociated to obtain a single cell suspension
and washed in RPMI 1640 (Invitrogen) supplemented with 100 U/mL penicillin, 100 ug/mL
streptomycin, 2 mM L-glutamine and 5% FCS. Cells were resuspended in HBSS with 2%
FCS and stained with allophycocyanin-conjugated anti-CD4 (RM4-5, BD Bioscience). Cells
were washed three times in HBSS with 2% FCS before FACS sorting for CD4" Ly5.1 GFP"
cells. 2.4 x 10° Ly5.1 GFP" cells were transferred into ICOS™ mice by i.v. injection. The

following day recipient mice were infected with 200 H. polygyrus L3 larvae by oral gavage.
2.5 Flow cytometry

The following Abs were used: Alexa Fluor 700-conjugated anti-CD4 (RM4-5, BD
Bioscience), allophycocyanin-conjugated anti-Foxp3 (FJK-16s, ebioscience),
phycoerythrin-conjugated anti-Helios (22F6, Biolegend), phycoerythrin-conjugated anti-
ICOS (7E.17G9, Biolegend), phycoerythrin-conjugated anit-CD25 (PC61 5.3, Invitrogen),
phycoerythrin-conjugated anti-IL-4 (11B11), PE-Cy7 conjugated anti-PD-1 (RMP1-30,
Biolegend), biotin-conjugated anti-CD103 (M290, BD Bioscience), Alexa Fluor 647-
conjugated anti-IL-13 (ebio13A; ebioscience), fluorescein isothiocyanate-conjugated anti-
BrdU with DNase (B44, BD Bioscience), allophycocyanin-conjugated Annexin V (BD
Bioscience), Pacific Blue-conjugated anti-TCR-p (H57-597, Biolegend), phycoerythrin-
conjugated anti-CD127 (A7R34, Biolegend), allophycocyanin-conjugated anti-CD62L
(MEL-14, Biolegend), eflour-450-conjugated anti-IL-2 (JES6-5H4, BD Bioscience),
phycoerythrin-conjugated anti-IL-17 (TC11-18H10.1, Biolegend), biotinylated anti-CXCRS
(2G8, BD Bioscience), fluorescein isothiocyanate-conjugated anti-CD19 (MB19-1,

Biolegend), fluorescein isothiocyanate-conjugated anti-CD3 (17A2, Biolegend), fluorescein
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isothiocyanate-conjugated anti-CD8a (5H10-1, Biolegend), phycoerythrin-conjugated anti-
c-kit (2B8, Biolegend), PE-Cy7 conjugated anti-Ly-6A/E (D7, Biolegend), allophycocyanin-
conjugated anti-neuropilin-1 (R and D systems), phycoerythrin-conjugated anti-Stat5

(47/Stat5(pY694), BD Phosflow, BD Bioscience).

Non-specific binding was blocked with 4 ug of rat IgG per 1 x 10° cells. Intracellular
staining for Foxp3 and Helios was performed using a Foxp3-staining buffer kit
(Ebioscience). For intracellular cytokine staining, dead cells were excluded using Aqua
Dead Cell Stain kit (Molecular probes) and cells were fixed and permeabilized using the
BD cytofix/cytoperm kit. Annexin V staining was performed as per the manufacturer’s
instructions (BD Bioscience). For detection of intranuclear pStat5, 1 ml of dissociated cells
were immediately fixed in Foxp3 Fix/perm solution (BD Bioscience) before Ab staining.
The remaining 4 ml of cells were used to determine cell number. For co-detection of GFP
and Foxp3, cells were first surface stained in the usual manner followed by fixation in 100
ul BD cytofix/cytoperm solution (BD Bioscience) with 0.05% Triton-X 100 (Sigma) for 20
mins at 4°C. Cells were washed two times with BD permwash (BD Bioscience) before
addition of primary polyclonal anti-GFP Ab (ebioscience) followed by a secondary
alexaflour488-conjugated goat anti-rabbit Ab (Invitrogen). Cells were washed three times
before fixation with Foxp3 Fix/perm solution (BD Bioscience) for 30 mins at 4°C. Cells
were washed a further two times before staining for Foxp3 in the usual manner. Flow
cytometry was performed using a FACSCanto 2, or an LSR 2 (BD Biosciences), running

FACSDiva software (BD Biosciences). Analysis was performed using Flowjo (Tree star).
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2.6 PCR screening of TIGER x ICOS™ mice

To identify homozygous ICOS™ from heterozygous ICOS*" two separate PCR reactions
were performed for the icos and neomycin genes. ICOS™ were identified as icos negative,
neomycin positive, and ICOS*" were identified as icos positive and neomycin positive. For
a list of the primers see table 2.6. Thermocycling was performed at 94°C for 35 seconds

(s), 60°C for 40 s, 72°C for 40s for 34 cycles. The PCR products were identified using a 1

or 2% agar gel.

Primer Sequence

ICOS 5’ -3’ CAGGAGAAATCAATGGCT

ICOS 3’ -5’ TTCATAAATATGCAAATATCCTCC
Neomycin 5’ - 3’ ATCTCCTGTCATCTCACCTTGC
Neomycin 3’ - 5’ AGAAGGCGATAGAAGGCGATGC

Table 2.6. Primers used for amplification of icos and neomycin genes.
2.7 FACS screening of TIGER x ICOS™ mice

To identify mice expressing the tiger locus (eGFP under the control of the IL-10 promoter),
tail blood was collected and centrifuged through Lympholyte-M (Cedarlane laboratories) at
1000 XG for 20 mins. Lymphocytes were removed from the fluid interface and washed
three times in PBS before resuspension in RPMI 1640 (Invitrogen) supplemented with 100
U/mL penicillin, 100 ug/mL streptomycin, 2 mM L-glutamine and 5% FCS. Lymphocytes
were stimulated for 72 hours (h) with 100 ng of CpG before FACS staining for CD19, CD4
and ICOS (See flow cytometry section for Ab details) and flow cytometric analysis for

eGFP expression.
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2.8 Antibody ELISA

To measure parasite specific Ig levels, sera were collected at day 28 and day 14 of H.
polygyrus infection. ELISA plates (NUNC) were coated with 5 ug/ml HpAg or 1 ug/ml HES
diluted in bicarbonate buffer - 0.45M NaHCO3/0.18M Na,CO; (Sigma-Aldrich) and left
overnight at 4°C. Plates were blocked with 200 ul of 2% bovine serum albumin in
bicarbonate buffer and incubated for 2 h at 37°C. Blocking solution was aspirated and
plates were washed 5 times in TBS/0.05% Tween-20 (Sigma-Aldrich). Mouse serum was
serially diluted in bicarbonate buffer with 2% FCS and incubated on coated ELISA plates
for 90 mins at 37°C. To detect Ab isotypes, 50 ul of HRP-conjugated anti-mouse IgA,
lgG1, IgG2a (Southern Biotechnology Associates) in bicarbonate buffer with 2% FCS were
added to the wells and incubated for 1 h at 37°C. Wells were again washed 5 times with
TBS/0.05% Tween-20 before addition of 2,2 —azino-bis(3-ethyl-benzthiazoline-6-sulfonic
acid) peroxidase substrate (KPL). Reactions were developed in the dark at room
temperature for 10-30 mins and absorbance at 405 nm was determined. Total serum IgE
Abs were quantified by coating ELISA plates with anti-mouse IgE capture mAb (R35-72,
BD Biosciences) in bicarbonate buffer overnight at 4°C. A secondary HRP-conjugated IgE
detection Ab was added (R35-72, Southern Biotechnology) before addition of peroxidase

substrate system (KPL).
2.9 Statistics

Statistical analysis was performed using JMP version 8. The data were first checked for
homogeneity of variance and normality. If the raw data failed to meet these requirements
for parametric analysis, logio transformations were applied. Parametric analysis of
combined data from multiple repeat experiments, or experiments containing more than two

groups, was performed using ANOVA, followed by Tukey HSD post-hoc tests. For non-
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parametric data, the unpaired Mann-Whitney U test was used. Figures show means when

parametric tests were used, and medians when non-parametric tests were used.
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Chapter 3. ICOS is required for optimal Foxp3* Treg responses during helminth

infection.
3.0 Introduction

Treg cells are key immune regulators during helminth infections, and identifying the
mechanisms governing their induction is of principal importance for the design of therapies
for helminths, allergies, and autoimmunity. Little is yet known regarding the co-stimulatory
environment that favours the development of Foxp3® Treg responses during helminth
infections. As recent evidence implicates the co-stimulatory receptor ICOS in promoting
Foxp3* Treg functions, we investigated the role of ICOS in the induction of Foxp3™ Treg

responses to helminth infection.

The maijority of the classical studies into the effects of ICOS co-stimulation on the immune
response to helminth infection focused on its contribution to protective type 2 immunity
(201, 203, 211, 218, 241). More recently, evidence has emerged suggesting a role for
ICOS in the development and function of Treg. For example, ICOS has been shown to
contribute to Treg suppressive capacity in a number of in vivo models of autoimmune
disease, demonstrating that ICOS is important for the maintenance of immune
homeostasis. In a mouse model of diabetes, blockade of ICOS impairs Treg suppression
of auto-reactive T cells resulting in exacerbation of diabetes disease symptoms (237).
Similarly, treatment with an anti-ICOS antibody during the priming phase of EAE produced
marked increases in pathology, indicating a regulatory role for ICOS in autoimmune
disease (224). Even in un-manipulated mice, Foxp3® Treg express ICOS at high levels
and in the absence of ICOS™ peripheral Treg populations are reduced by up to 30% of WT

(207).

Whilst these data demonstrate the importance of ICOS for Treg in both homeostatic and

autoimmune settings, the role of ICOS in Treg responses to helminth infection has not
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been investigated. IL-10 is critical for the control of hepatic egg-induced immunopathology
during S. mansoni infection (30), and ICOS co-stimulation has been closely associated
with T cell IL-10 production (205, 206, 211, 234, 236). Blockade of ICOS during S.
mansoni infection increased egg induced hepatic granulomas indicating enhanced
immunopathology (241), suggesting that ICOS plays a regulatory role in S. mansoni
infection. In addition, Foxp3™ Treg increase expression of ICOS following infection with the
filarial nematode L. sigmodontis (15), demonstrating that ICOS is important to Foxp3™ Treg
during helminth infection. Therefore, we hypothesised that alongside its more noted role in
the development of type 2 effector responses to helminth infection, ICOS is also required

for optimal Foxp3™ Treg responses.

A common feature of helminth infection is the induction of Treg cell responses but the
mechanisms governing this induction can be diverse and are dependent on the nature of
the invading helminth. Therefore, we wanted to ask if ICOS co-stimulation was a common
pathway utilised by Foxp3™ Treg for expansion in response to diverse helminth infections,
including the strictly enteric nematode H. polygyrus, the tissue dwelling filarial nematode L.

sigmodontis and the blood trematode S. mansoni.

Another un-resolved issue in Foxp3™ Treg responses to helminth infection is the
importance of natural thymus derived Foxp3®™ Treg versus adaptive Foxp3™ Treg in the
dampening of host protective type 2 immunity. Evidence exists in support of both natural
and adaptive Foxp3® Treg activity in helminth infections. For example, H. polygyrus
secretes a TGF-B homologue which induces Foxp3 expression in naive T cells, and
inhibition of the TGF-B signalling pathway during the later stages of infection results in
enhanced protective immunity suggesting that adaptive Treg actively control host immunity
to intestinal nematode infection (144). However, early depletion of Foxp3™ Treg, which
presumably targets pre-existing natural Treg, recovers protective immunity to

Strongyloides ratti (146), which suggest that natural Treg are also important in intestinal
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nematode infections. Similarly, depletion of Treg prior to infection with the filarial nematode
L. sigmodontis restores host protective type 2 immune responses suggesting that natural
Treg dominate immune suppression during the early stages of infection (15). In addition,
whilst natural Foxp3® Treg have been shown to control egg-induced immune responses
during S. mansoni infection (85), components of the eggs themselves can drive adaptive
Foxp3™ Treg (244). Recently the transcription factor Helios has been proposed to define
natural thymus derived Foxp3™ Treg from adaptive Foxp3* Treg (69). Therefore, it is now
theoretically possible to investigate the contribution of natural versus adaptive Foxp3™ Treg
to the suppression of host immunity during helminth infections based on Foxp3® Treg

expression of Helios.
Chapter aims

» |s the increased expression of ICOS by Foxp3* Tregs a common feature of helminth
infection?

* What is the contribution of ICOS co-stimulation to the expansion of Foxp3™ Tregs
during helminth infection?

= Are natural Foxp3® Treg or adaptive Foxp3™ Treg preferentially expanded in
response to helminth infection, and does ICOS co-stimulation have the same effect

on these subsets?
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Results

3.1 ICOS up-regulation by Foxp3® Tregs is a common feature of infection with both

nematode and trematode parasites.

It has previously been shown that CD4"Foxp3® Treg upregulate expression of ICOS in
response to infection with filarial nematodes (15), raising the hypothesis that ICOS plays
an important role in the initiation of Foxp3™ Treg responses towards helminth parasites. To
assess whether ICOS up-regulation by Foxp3® Tregs is common to other helminth
infections we infected C57BL/6 mice with the gastro-intestinal nematode H. polygyrus, or
with the blood trematode S. mansoni, and measured ICOS expression on Foxp3® and
Foxp3™ CD4" T cells in the MLN and spleen respectively. At day (d) 7 of H. polygyrus
infection there was an initial small non-significant increase in the percentage of Foxp3*
Treg expressing ICOS (Fig. 3.1 A & B). By d 14 of infection, ICOS expression was
significantly elevated and remained high until d 28. Similarly, during the acute egg-phase
of S. mansoni infection, CD4" Foxp3® Treg in the spleen showed increased ICOS
expression compared to naive controls (Fig. 3.1 C). ICOS was also significantly
upregulated on CD4 Foxp3™ Teff at all time-points of both H. polygyrus and S. mansoni
infections (Fig. 3.1 D & E). Thus, upregulation of ICOS by Foxp3™ Tregs is a common

feature of infection with both nematode and trematode parasites.
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Figure 3.1 ICOS upregulation by Foxp3® Tregs is a common feature of infection with
both nematode and trematode parasites. C57BL/6 mice were infected with H. polygyrus
(A, B) or S. mansoni (C) and the expression of ICOS by CD4*Foxp3* Tregs assessed over
time. (A) Representative staining for Foxp3 vs ICOS on CD4" T cells isolated from the
MLN of naive and H. polygyrus infected mice 14 d pi. (B) Percentage of MLN CD4"Foxp3*
cells expressing ICOS in naive (open symbols) and H. polygyrus infected (closed symbols)
mice. (C) Percentage of splenic CD4"Foxp3* cells expressing ICOS in naive (open
symbols) S. mansoni infected (closed symbols) mice. (D) Percentage of MLN CD4*Foxp3”
cells expressing ICOS in naive (open symbols) and H. polygyrus infected (closed symbols)
mice. (E) Percentage of splenic CD4'Foxp3 cells expressing ICOS in naive (open
symbols) S. mansoni infected (closed symbols) mice. Results shown are representative of
2 independent experiments, symbols denote individual mice and lines denote means (B) or
medians (C). *p = < 0.005 (2-way ANOVA on combined data from two separate
experiments). §| p = < 0.005 (Mann Whitney U).
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3.2 ICOS is required for optimal Foxp3* Treg expansion and maintenance in the

local lymph node during H. polygyrus infection

To investigate the role of ICOS in the induction and maintenance of Foxp3® Treg
responses toward the intestinal nematode H. polygyus, we infected C56BL/6 ICOS™ and
WT mice with 200 H. polygyrus L3 larvae and analysed Foxp3 expression in CD4" T cells
in the draining lymph node at d 7, 14 and 21 of infection, and at d 7 at the site of infection.
In line with previous observations (31, 32), there was a significant increase in Foxp3™ Treg
numbers in WT mice at d 7 of H. polygyrus infection (Fig 3.2 A). Notably, this increase was
absent in ICOS deficient mice, suggesting ICOS contributes to the initial expansion of Treg
(Fig 3.2 A). Numbers of Treg remained elevated throughout infection in WT mice, and
although Treg numbers were increased in ICOS™ mice at d 14 and d 21 they remained
significantly lower than WT (Fig 3.2 A), which would suggest ICOS signalling contributes to
the maintenance of the ongoing Foxp3™ Treg response to H. polygyrus. Therefore, ICOS
co-stimulation augments the primary expansion of Treg following H. polygyrus infection

and is required for optimal maintenance of the Treg pool as the infection progresses.

In addition to Foxp3™ Tregs, Foxp3™ Teff increased expression of ICOS following helminth
infection (Fig. 3.1 D & E). To determine if Foxp3™ Teff showed a similar requirement to
Treg for expansion, we measured Foxp3™ Teff numbers during helminth infection in WT
and ICOS™ mice. In contrast to Foxp3" Tregs, the numbers of CD4 Foxp3™ Teff cells did
not increase significantly in WT or ICOS™ mice until d 14 of H. polygyrus infection (Fig 3.2
B), indicating that the CD4"Foxp3® Tregs expand more rapidly than CD4*Foxp3™ Teff cells.
At d 14 post-infection (pi), the ICOS™ mice had significantly reduced numbers of
CD4'Foxp3 Teff cells than the WT mice (Fig 3.2 B). However, unlike CD4 Foxp3* Tregs,
by d 21 pi the numbers of CD4*Foxp3™ Teff cells in the two strains had equalised (Fig 3.2
B). This data would suggest that the effects of ICOS deficiency on Foxp3™ Teff are only

temporary and are confined to the initial stages of intestinal helminth infection.
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The transcription factor Helios has been used to denote natural thymus derived Foxp3®
Treg (69), whilst adaptive Foxp3™ Treg lack expression of Helios (69). It is not known if
natural or adaptive Foxp3™ Treg preferentially dominate during H. polygyrus infection, or if
they contribute equally. Further, whether ICOS co-stimulation has different effects on
natural or adaptive Treg in the lymph node has not been investigated. Therefore, we
measured expression of Helios alongside Foxp3 in the local lymph nodes of H. polygyrus
infected WT and ICOS” mice. In WT mice, in line with the total Foxp3* Treg population,
both natural Foxp3™ Helios™ and adaptive Foxp3® Helios™ Treg expanded following H.
polygyrus infection and their numbers remained elevated throughout infection (Fig 3.2 C &
D) In the absence of ICOS the numbers of both natural and adaptive Foxp3®™ Treg were
reduced (Fig 3.2 C & D). Thus, natural and adaptive Treg expand equally in the local
lymph node in response to H. polygyrus infection, and similar to total Foxp3™ Treg, during
H. polygyrus infection, ICOS contributes to the initial expansion and continued

maintenance of natural and adaptive Treg in the MLN.
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Figure 3.2 ICOS is required for optimal Foxp3® Treg expansion and maintenance in
the local lymph node during H. polygyrus infection. C57BL/6 WT and ICOS™ mice
were infected with H. polygyrus and Foxp3* Treg responses in the MLN were measured
between d 7-21. (A) Number of CD4"Foxp3* Treg cells in the MLN of naive WT (open
circles), H. polygyrus infected WT (closed circles), naive ICOS™ (open squares) and H.
polygyrus infected ICOS™ (closed squares). (B) Number of CD4*Foxp3™ Teff cells in the
MLN of naive WT (open circles), H. polygyrus infected WT (closed circles), naive ICOS™
(open squares) and H. polygyrus infected ICOS™ (closed squares). (C) Number of
CD4"Foxp3* Helios* natural Treg and (D) number of CD4"Foxp3* Helios  adaptive Treg in
the MLN of naive WT (open circles), H. polygyrus infected WT (closed circles), naive
ICOS™ (open squares) and H. polygyrus infected ICOS™ (closed squares). Results shown
are representative of 2 independent experiments, symbols denote individual mice and
lines denote means (A & B) or medians (C & D). § = significant increase on infection. § p =
< 0.05. *p =< 0.005 (2-way ANOVA on combined data from two separate experiments). .
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3.3 Following H. polygyrus infection, at the intestinal infection site Helios” Foxp3*

adaptive Treg preferentially expand in a manner dependent on ICOS.

Previous studies have demonstrated that ICOS deficiency results in a reduction in
peripheral lymphoid Foxp3® Treg percentages under homeostatic conditions (207), and
our own observations confirmed this (data not shown). However, it is not known if ICOS
has a similar role for Foxp3® Treg at tissue sites. Evidence suggests that other co-
stimulators, for example OX-40, can have different effects depending on the tissue
location (245). Therefore, we hypothesised that ICOS could have different effects on
Foxp3* Treg at the tissue site of infection, the small intestine LP. To test this we analysed
Treg responses in the small intestine LP, in both naive and H. polygyrus infected WT and
ICOS™ mice. Notably, in stark contrast to the MLN, in the LP of naive ICOS™ mice, the
basal Foxp3® Treg population was greater than that of WT (Fig. 3.3 A & B). Analysis of the
transcription factor Helios showed that the elevated basal level of LP Foxp3® Tregs in
naive ICOS” mice solely comprised Helios*Foxp3* Tregs indicating expansion of natural
Foxp3* Tregs (Fig. 3.3 A, C & D). In addition, ICOS™ Foxp3* Treg showed an increase in
their activation status, marked by increase expression of CD103 and CD25, and
decreased expression of the inhibitory co-stimulator PD-1 (Fig. 3.3 E — G). Therefore,
under steady state conditions, ICOS co-stimulation has different effects on Treg
depending on tissue location, being required for maintenance of the Treg population in the

peripheral lymphoid organs, but acting to down-regulate Treg in the intestine tissues.

In line with previous studies (32), in WT mice we noted an expansion in LP Foxp3® Treg
following H. polygyrus infection but it is not known if natural or adaptive Foxp3" Treg
preferentially expand at this site. In the intestine, the environment favours the generation
of adaptive Foxp3* Treg responses (70), and H. polygyrus secretes a TGF-B homologue
that promotes the conversion of naive T cells towards an adaptive Foxp3* Treg phenotype

(144). In support of this, following H. polygyrus infection the LP Foxp3* Treg response
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elicited in WT mice was entirely Helios™ in nature (Fig. 3.3 A & D), suggesting the
preferential expansion of adaptive Foxp3® Tregs. Interestingly, this expansion of adaptive
Helios Foxp3* Tregs by H. polygyrus was absent in the ICOS” mice, indicating that despite
their increased natural Helios"Foxp3™ Treg, ICOS™ mice fail to mount an adaptive Helios™
Foxp3* Treg response towards H. polygyrus (Fig. 3.3 A & D). Thus, upon infection, H.
polygyrus preferentially expands LP Helios'Foxp3™ adaptive Tregs in an ICOS dependent

manner.
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Figure 3.3 Following H. polygyrus infection, at the intestinal infection site Helios
Foxp3* adaptive Treg preferentially expand in a manner dependent on ICOS.C57BL/6
WT and ICOS™ mice were infected with H. polygyrus and Foxp3* Treg responses in the
small intestine lamina propria (LP) at d 7 pi were measured. (A) Representative staining
for Foxp3 vs Helios gated on CD4" T cells isolated from the LP of naive and H. polygyrus
infected WT and ICOS™ mice 7 d pi (B) Percentage of CD4*Foxp3* Treg cells in the LP 7 d
pi (C) Percentage of Foxp3* Helios™ cells, and (C) Foxp3* Helios™ cells within the LP
CD4"TCR" population 7 d pi (E - G) Percentage of LP CD4*Foxp3* T cells expressing
CD103, CD25 and PD-1 at d 7 pi. Open circles represent naive WT mice and closed
circles represent infected WT mice. Open squares represent naive ICOS™ mice and
closed squares represent infected ICOS” mice. Data are representative of three
independent experiments. * p = < 0.05, two way ANOVA followed by Tukeys post hoc test.
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3.4 ICOS contributes to the maintenance of Foxp3® Treg in the draining lymphoid

tissue during the egg-phase of S. mansoni infection.

Foxp3* Treg are an integral part of host immune regulation during the egg-phase of S.
mansoni infection suppressing damaging immunopathology (16, 85, 115). Foxp3™ Tregs
increased expression of ICOS during S. mansoni infection, and ICOS was required for
optimal Foxp3™ Treg responses to intestinal nematode infection. Therefore, we reasoned
that Foxp3™ Treg may show a similar dependency on ICOS during infection with the blood
trematode helminth S. mansoni. Previous work has shown that during the acute egg-
phase of S. mansoni infection the proportion of Foxp3® Treg remains stable, but their
numbers and activation status are increased (85). Our own observations confirmed an
increase in number of Foxp3™ Treg in the spleen and MLN during the acute egg-phase of
S. mansoni infection in WT mice (Fig. 3.4 A & B). However, similar to H. polygyrus
infection, in the ICOS™ mice the number of splenic and local lymph node Foxp3® Treg
induced in response to S. mansoni infection was significantly lower than that of WT (Fig
3.4 A & B). These data suggest that ICOS is required for the maintenance of Foxp3™ Treg

populations in the lymphoid organs during blood trematode infection.

During H. polygyrus infection, optimal expansion of both Foxp3® Treg and Foxp3™ Teff
showed a requirement for ICOS, albeit with different kinetics. To test if ICOS signalling
was similarly required for Teff during S. mansoni infection, we measured Foxp3™ Teff
responses in WT and ICOS™ mice at wk 8 of S. mansoni infection. The numbers of Foxp3™
CD4" Teff in the spleen of WT mice increased upon infection but similar to H. polygyrus
infection, the increase was of smaller magnitude in ICOS™ mice, such that the number of
Foxp3'CD4" Teff was significantly lower than WT mice (Fig 3.4 C). This would suggest that
both Foxp3® Treg and Foxp3™ Teff show a requirement for ICOS mediated maintenance
during S. mansoni infection. In contrast to the spleen, however, the numbers of Foxp3”

CD4" Teff in the MLN increased in response to infection in both WT and ICOS™ mice (Fig
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3.4 D), and there was no difference between strains, suggesting that ICOS is not required

for the expansion of Foxp3™ Teff in the MLN.

During the egg-phase of S. mansoni infection, evidence exists for the activity of both
natural and adaptive Foxp3* Treg subsets. For example, Foxp3® natural Treg have been
shown to control egg-induced pathology during S. mansoni infection (115), whilst certain
components of S. mansoni eggs can induce Foxp3 expression in T cells suggesting
adaptive Treg are generated during the egg-phase (244). However, whether natural or
adaptive Foxp3™ Treg contribute equally to the control of egg-induced immune responses,
or if one subset is dominant in this governance, has yet to be determined. Therefore, we
measured Helios expression in conjunction with Foxp3 in the spleens of S. mansoni
infected WT and ICOS™ mice. At wk 8 of infection, both Foxp3*Helios™ and Foxp3*Helios™
CD4" T cells increased in number in WT mice demonstrating an equal expansion of
natural and adaptive Treg (Fig 3.4 E & F). In line with the total Foxp3" population, in ICOS”
" mice, the expansion of both natural and adaptive Treg was lower than that of WT (Fig 3.4
E & F). Thus, similar to H. polygyrus infection, both natural and adaptive Treg subsets

expand during S. mansoni infection and both require ICOS co-stimulation for optimal

expansion.
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Figure 3.4 ICOS contributes to the maintenance of Foxp3® Treg in the draining
lymphoid tissue during the egg-phase of S. mansoni infection. C57BL/6 WT and
ICOS™ mice were infected with 70 S. mansoni cercariae and Foxp3* Treg responses in the
spleen and MLN at wk 8 pi were measured. Number of CD4*Foxp3* Treg cells in the
spleen (A) and MLN (B) of naive and S. mansoni infected WT and ICOS™ mice at wk 8 pi
(C) Number of CD4*Foxp3™ Teff cells in the spleen of naive and S. mansoni infected WT
and ICOS™ mice at wk 8 pi (D) Number of CD4*Foxp3* Helios* natural Treg and (E)
number of CD4*Foxp3* Helios™ adaptive Treg in the spleen of naive and S. mansoni
infected WT and ICOS™ mice at wk 8 pi Open circles represent naive WT mice and closed
circles represent infected WT mice. Open squares represent naive ICOS™ mice and
closed squares represent infected ICOS” mice. Data are representative of three
independent experiments. * p = < 0.05, two way ANOVA followed by Tukeys post hoc test.
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3.5 ICOS mediates expansion of hepatic Foxp3® Treg during the egg-phase of S.

mansoni infection.

During the acute phase of S. mansoni the liver is the site of intense egg-induced immune
inflammation which is kept in check by Foxp3™ Treg (85, 115). ICOS had different effects
on Foxp3* Treg depending on tissue location following H. polygyrus infection, leading us to
the hypothesis that ICOS would have different effects on Foxp3™ Treg in the liver
compared to the spleen and MLN during S. mansoni infection. To determine if the ICOS
pathway was important for hepatic Treg during S. mansoni infection, we measured Foxp3
expression in hepatic lymphocytes from wk 8 of S. mansoni infected WT and ICOS™ mice.
Similar to the LP, in the liver of naive ICOS™ mice the proportion of total Foxp3* Treg was
raised when compared to WT mice (Fig. 3.5 A) due to an increase in the Helios"Foxp3*
natural Treg population (Fig. 3.5 B & C). Following S. mansoni infection, total Foxp3™ Treg
increased only in WT mice, and analysis of Helios showed that this expansion entirely
comprised Helios®™ Foxp3™ natural Treg (Fig 3.5 B & C). This would suggest that natural
Foxp3* Treg are more important than adaptive Foxp3® Treg for control of egg-induced
immune responses in the liver. In ICOS deficient mice, the increase in Helios'Foxp3*
natural Treg seen in WT mice was absent (Fig 3.5 B & C), suggesting that, in contrast to
its role in driving adaptive Foxp3® Treg in the LP during H. polgyrus infection, ICOS is
required for the S. mansoni infection induced expansion of hepatic Helios"Foxp3™ natural

Treg, although further experiments are required to confirm this preliminary data.
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Figure 3.5 ICOS mediates expansion of hepatic Foxp3* Treg during the egg-phase of
S. mansoni infection. C57BL/6 WT and ICOS™ mice were infected with 70 S. mansoni
cercariae and Foxp3* Treg responses in the liver at wk 9 p.i were measured. (A)
Percentage of CD4*Foxp3* Treg cells in the liver at wk 9 pi (B) Percentage of Foxp3*
Helios™ cells, and (C) Foxp3*Helios™ cells within the liver CD4" TCR" population 9 wks pi
Open circles represent naive WT mice and closed circles represent infected WT mice.
Open squares represent naive ICOS” mice and closed squares represent infected ICOS™
mice. Results shown are representative of 1 experiment, symbols denote individual mice
and lines denote medians.

3.6 The expansion of Foxp3* Treg in the local lymph node and site of infection with

the filarial nematode Litomosoides sigmodontis requires ICOS co-stimulation.

Our data suggest that during intestinal nematode and blood trematode infections optimal
Foxp3® Treg responses are dependent on the ICOS pathway. Infection with the filarial
nematode L. sigmodontis has been shown to induce an early expansion of Foxp3™ Teg
and an increase in the percentage of Treg expressing ICOS (15). Unlike the intestinal

nematode H. polygyrus that primarily inhabits the intestinal lumen, L. sigmodontis is
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entirely tissue resident and the immune effector responses directed against it are distinct
from that of H. polygyrus. We supposed that ICOS signalling represents a common
pathway for Treg activation during helminth infection. To test if ICOS was also required for
Treg responses to a tissue resident filarial nematode infection, we infected the susceptible
BALB/c strain with L. sigmodontis and treated them with an anti-ICOS antibody (Ab),
because the ICOS™ mice were on the C57BL/6 L. sigmodontis resistant background. Mice
were autopsied on d 12 of infection to measure early Foxp3 Treg responses in the spleen,
and draining lymph nodes (thoracic lymph nodes - tLN). As previously reported (15), there
were only minor increases in the number of Foxp3™ Treg in the spleen (Fig. 3.6 A). In the
tLN, Foxp3® Treg expanded significantly in infected mice treated with control antibody (Fig.
3.6 B). In infected mice treated with anti-ICOS Ab, there was no increase in Foxp3" Treg
within the tLN. Therefore, similar to H. polygyrus and S. mansoni infection, initial data
suggests that ICOS signalling augments expansion of Foxp3™ Treg during L. sigmodontis

infection.

L. sigmodontis parasites migrate through the skin and ultimately inhabit the pleural cavity
where they rapidly induce a strong regulatory response (15). Therefore, to assess the role
of ICOS in Foxp3™ Treg responses at the site of L. sigmodontis infection we measured
Foxp3 expression within CD4" T cells in the pleural cavity of L. sigmodontis infected
BALB/c mice treated with IgG control or anti-ICOS antibody. In confirmation of previous
data, at d 12 of L. sigmodontis infection, the number of Foxp3™ Treg in the pleural cavity
increased in mice treated with control antibody (Fig 3.6 E). However, following treatment
with anti-ICOS antibody, this increase in Treg in the pleural cavity was lost (Fig 3.6 E).
Alongside Treg, Foxp3™ Teff also showed an infection induced increase that was
dependent on ICOS co-stimulation (Fig 3.6 F). Taken together these data suggest that at
the site of filarial nematode infection ICOS is required for the expansion of both Foxp3*

Treg and Foxp3™ Teff cells.
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Figure 3.6 The expansion of Foxp3® Treg in the local lymph node and site of
infection with the filarial nematode L. sigmodontis requires ICOS co-stimualtion.
BALB/c mice were infected with L. sigmodontis and treated with anti-ICOS or isotype
control antibody and Foxp3" and Foxp3™ CD4" T cell responses were measured in the
spleen, tLN and PC at d 12 pi. The number of CD4"Foxp3* Treg cells in the PC (A), the
spleen (B) and tLN (D) at d 12 pi. The number of CD4"Foxp3™ Teff cells in the PC (D), the
spleen (E) and tLN (F) at d 12 pi. Open circles represent naive WT mice and closed circles
represent infected WT mice. Open squares represent naive ICOS™ mice and closed
squares represent infected ICOS™ mice. Results shown are representative of 1
experiment, symbols denote individual mice and lines denote medians. § p = < 0.005
(Mann Whitney U).
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3.7 Development of a novel system to measure natural versus adaptive Treg

induced by intestinal helminth infection.

An important unresolved issue in the field of helminth induced Treg responses, is whether
natural or adaptive Foxp3® Treg dominate or contribute equally to the suppression of
protective effector immune responses. The use of Helios as a marker for natural Foxp3*
Treg has been of value in this study. However, under specific immune conditions it has
been suggested that Helios expression may not be restricted to natural Foxp3™ Treg (246).
Therefore, to test if the expansion of Foxp3™ Helios™ Treg seen in the LP of H. polygyrus
infected WT mice truly represented an induction of adaptive Foxp3* Treg populations, we
developed an experimental system with the aim of tracking the conversion of naive
CD4'Foxp3™ T cells into CD4'Foxp3™ Treg during helminth infection to measure adaptive

and natural Foxp3™ Treg in this setting.

With this aim, we reconstituted recombination activating gene deficient (RAG™) mice with
congenically marked Ly5.1"Foxp3'CD4" T cells, and Ly5.2"Foxp3*CD4" natural Treg from
mice expressing GFP under the control of the Foxp3 promoter. Thus, FACS sorted Ly5.1"
Foxp3™ and Ly5.2*Foxp3* cells from Ly5.1 and Ly5.2 Foxp3®" mice respectively were
injected i.v. into RAG™ hosts at a ratio of 5:1 respectively. Therefore, induction of Foxp3 in
the previously Foxp3™ Ly5.1 population would identify adaptive Foxp3™ Treg, whilst Ly5.2

marks the natural Foxp3™ Treg population.

RAG™ recipient mice were left for four wks to allow the transferred CD4" T cells to expand
and re-populate. Three wks into this period, tail blood was collected from recipient mice
and PBMC were subject to flow cytometric analysis to check engraftment of the transferred
T cells. This demonstrated a large population of CD4" Ly5.1 and Ly5.2 T cells present in
RAG™ recipient mice demonstrating successful T cell engraftment (data not shown). At

four wks post transfer, recipient RAG™ mice were infected with H. polygyrus and the
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percentage of adaptive GFP*Ly5.1" and natural GFP*Ly5.2" Treg in the MLN and LP were
measured at d 7 and compared to naive controls. Significant homeostatic conversion from
naive Foxp3 T cells to adaptive Foxp3®™ Treg took place prior to H. polygyrus infection,
evident from the high percentage of GFP*Ly5.1" cells in the MLN and LP of un-infected

RAG™ recipient mice (Fig 3.7 A, B & D).

Following H. polygyrus infection, there was no increase in the proportion of adaptive
Ly5.1*"GFP* Treg over naive controls in the MLN (Fig 3.7 B). Infection also had no impact
on the proportion of natural Ly5.2"GFP" cells in the MLN (Fig 3.7 C). Similarly, there was
no expansion of Ly5.1"GFP" adaptive or Ly5.2"GFP" natural Treg in the LP (Fig 3.7 D &
E) in response to H. polygyrus infection, which contrasts with the expansion of LP Foxp3*
Helios™ adaptive Treg seen in WT mice (Fig 3.3 D). That neither population underwent an
expansion suggests that this system failed to recapitulate the natural immune response,
so in this instance it was not possible to determine if natural or adaptive Treg are dominant

during H. polygyrus infection.

It has been suggested that expression of Nrp-1, a receptor for semaphorins and a co-
receptor for vascular endothelial growth factor, is principally restricted to natural Foxp3*
Treg (Dr Jeff Bluestone, Keystone symposium, Breckenridge CO 2011). Therefore, as an
additional marker to define natural Foxp3® Treg, we measured expression of Nrp-1 on
adaptive GFP*Ly5.1" and natural GFP*Ly5.2" Treg in the MLN and LP at d 7 pi. Only
adaptive GFP*Ly5.1" cells in the MLN (Fig 3.7 F & G), and to a lesser extent in the LP (Fig
3.7 H & 1), down regulated expression of Nrp-1. This could give some suggestion that
adaptive Foxp3® Treg, but not natural Foxp3® Treg, are activated during H.polygrus
infection, because Nrp-1 has also been demonstrated to stabilise DC-Treg interactions
(113), and those Foxp3* Treg that have down-regulated Nrp-1 may represent Foxp3® Treg

activated by antigen in the context of MHCII.
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It must be noted that this preliminary experiment was the first step in the development of a
system to track adaptive Foxp3™ Treg in helminth infection and further work is required for
its refinement. For example, the absence of B cells in RAG™ recipient mice may adversely
impact Foxp3® Treg populations as B cell depletion can result in diminished Treg (247).
Future studies aim to use T cell specific deficient (CD3¢”" mice) recipient mice to recover
the B cell response and more accurately reflect the immune environment of WT
lymphocyte-replete mice. In summary, although it requires further refinement, this
experimental system represents an important tool for the study of the importance of
natural versus adaptive Foxp3™ Treg responses during helminth infection, and the kinetics

by which they are generated.

81



. & & 10-
A haive MLN Infected MLN © 61 3]
7.84 5.1 |3.89 3.53 & —Og u &
8 0 N - 8 8 41 Og—
o S 44 s o
L o n 2 67 u
o 5 5 -y
e & g
\ L_n>l' 2 4 3' | |
427 ' 5 3
27 82.8 90.2 s 0 ' ' s | : '
: Naive Inf Naive Inf
naive LPL Infected LPL D
5.32 499 [4.25 5.07 i 8- 5 6-
2 = (]
+ ] +
a 64 a n
(3] (8] 4 [ ]
S 25— = S
a o u
L= 4' Y
o) o [m]
- 0 u &
g g 27
) 1 -l | |
* 2
o o
Ly 5.1 -0 . . - 0 . .
Naive Inf Naive Inf
2 90 e o 1007 H+ 14 - |+ 40+
o o 2 2
- & i (n] o -
¢ 801 o s 951 o £ 124 & 35 "
- - —_— [ |
5 —_— 5 (u] --— E,‘ —8— E‘ 304
- J [m] L i o i _— o
T 70 . T 90 - 2 10 y o .
2 =2 a a 251
* ] ® z u} o =z
> 60- > 85- ® 8- 5 —8—
" 2 c ¢ ®1 e F
50 T T 80 T T 6 T T 15 T T
Naive Inf Naive Inf Naive Inf Naive Inf

Figure 3.7 Development of a novel system to measure natural versus adaptive Treg
induced by intestinal helminth infection. GFPLy5.1* and GFP*Ly5.2" from Foxp3°™"
mice were FACS sorted and transferred into RAG” recipients at a ratio of 5:1. At 4 wks
post transfer recipient mice were infected with 200 H. polygyrus L3 larvae and GFP
expression was measured within the CD4" Ly5.1 and Ly5.2 populations at d 7 pi (A)
Representative FACS plots showing GFP (Foxp3) versus Ly5.1 in the LPL and MLN of
naive and d 7 H. polygyrus infected recipient mice. Graphs showing percentage of Ly5.1"
(B) and Ly5.2" (C) cells expressing GFP in the LP of naive and H. polygyrus infected
recipient mice. Graphs showing percentage of Ly5.1" (D) and Ly5.2* (E) cells expressing
GFP in the MLN of naive and H. polygyrus infected recipient mice. (F) Percentage of
Ly5.1*"GFP* cells expressing Nrp-1 and (G) percentage of GFP*Ly5.2"cells expressing
Nrp-1 in the LP of naive and d 7 H. polygyrus infected recipient mice. (H) Percentage of
GFP*Ly5.1" cells expressing Nrp-1 and (I) percentage of GFP*Ly5.2" cells expressing Nrp-
1 in the MLN of naive and d 7 H. polygyrus infected recipient mice. Open squares
represent naive mice and closed squares represent infected mice. * p = < 0.05 Mann
Whitney U.
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3.8 Discussion

Following infection with parasitic helminths, Foxp3™ Treg exhibit an activated phenotype as
evidenced by up-regulation of surface markers (15, 31, 85). More specifically, it has been
shown that ICOS is up-regulated on Treg during infection with the filarial nematode L.
sigmodontis (15). Here, we have shown that Foxp3® Tregs increase ICOS expression
following infection with the intestinal nematode H. polygyrus, and with the blood trematode
S. mansoni. Thus, the upregulation of ICOS on Foxp3™ Tregs is common to both
nematode and trematode helminth infections. In vitro, the increase in ICOS expression on
T cells has been shown to be dependent on TCR engagement, and this is augmented with
concomitant CD28 stimulation (189). Therefore, it is possible that those Foxp3™ Tregs that
upregulate ICOS during helminth infection represent parasite specific Treg that have been
activated by antigen in the context of MHC, alongside CD80/86 costimulation.
Alternatively, these ICOS expressing Treg could have become activated in response to the
expansion of infection induced anti-parasite Foxp3™ Teff cells. Indeed evidence suggests
Foxp3" Treg activation is increased in the presence of Foxp3 Teff, demonstrated by the
upregulation in the production of inhibitory cytokines when Foxp3™ Treg are co-cultured
with Teff (98). A third possibility is that ICOS expression is increased in response to tissue
damage incurred as the parasites migrate. For example, heat shock proteins (HSP) are
ubiquitous cellular proteins induced in response to environmental and chemical stress
such as those experienced during infection (248). HSP exhibit immunoregulatory
properties (249-251), and the human HSP60 has been shown to enhance the suppressive
capacity of Treg suggesting an activated phenotype (252, 253). Thus, increased
expression of ICOS on Foxp3® Treg could reflect activation of Foxp3® Treg responding to

HSP released by damaged tissue cells following parasite invasion.
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Interestingly, even in the steady state ICOS is expressed at high levels on Foxp3™ Treg
when compared to Foxp3™ Teff (207), which could reflect low level activation of Treg
specific for self antigen. The increment in ICOS expression on Foxp3™ Treg is not unique
to parasite infection; for example, Foxp3™ Treg increase ICOS expression in response to
Mycobacterium tuberculosis infection, both in the draining lymph node and at the site of
infection, with the latter site showing the greatest increase (254). Treg have also been
shown to increase expression of ICOS in a number of autoimmune disease models; in a
mouse model of diabetes the majority of CD25" Treg in the pancreatic lesion showed high
ICOS expression (237). In addition, Foxp3®™ Treg induced during contact hypersensitivity
show increased expression of ICOS (255). These findings suggest that one of the
hallmarks of Treg activation, whether in response to infection or tissue self-antigen, is

increased expression of ICOS.

That Treg increase ICOS expression during helminth infection suggests that ICOS is
important for the Treg response. Although it is well known that ICOS contributes to Th2
responses induced by helminths (201, 203, 218), no previous studies have described a
role for ICOS in regulatory responses to helminth infection. Here we have shown that
ICOS is important for the early expansion of Treg during H. polygyrus infection. Further,
ICOS signalling was required for the maintenance of Treg during chronic helminth
infection, evidenced by the reduced Treg response throughout H. polygyrus infection, and
during the egg-phase of S. mansoni infection. The continued requirement of Foxp3™ Treg
for ICOS co-stimulation contrasts with the temporary defects seen in Foxp3™ Th2 effector
cells in the lymph node of helminth infected ICOS™ mice (201, 203, 218). In keeping with
this, the initial reduction in Foxp3™ Teff seen in ICOS™ mice recovered toward the late
stage of H. polygyrus infection. During the acute egg-stage of S. mansoni infection, Foxp3”
Teff remained reduced in ICOS™ mice suggesting a continued dependence on ICOS

signalling. However it is possible that Teff numbers showed a recovery as the egg-stage of
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infection entered the chronic phase and future work should aim to determine this. Taken
together, these data suggest that although ICOS is required to optimally initiate both type 2
and Foxp3* Treg responses to helminths, it has a further role in sustaining Foxp3* Tregs

during H. polygyrus and S. mansoni infection.

Under homeostatic conditions the impact of ICOS deficiency on Foxp3™ Tregs differed
depending on immune location. Whilst the proportion of Foxp3™ Tregs was reduced within
the lymph node (LN) of naive ICOS” mice in agreement with previous studies (207, 256),
the percentage of CD4" T cells expressing Foxp3 within the LP was increased. This was
associated with elevated expression of CD103 and CD25, and reduced expression of PD-
1, indicating that the Foxp3™ Tregs were in a heightened state of activation. Analysis of
Helios expression showed that the expanded proportion of Treg in ICOS™ mice was due to
increased Helios™ natural Treg. Thus, in the intestinal tissues, ICOS acts to downregulate
Treg but in contrast, ICOS promotes Treg responses in the lymphoid organs. Further
evidence of tissue specific effects of co-stimulators on Treg has come from analysis of OX-
40 deficient mice, which show a colon specific impairment in Foxp3" Treg (245). The
different effects of ICOS in the intestine versus the lymph nodes could result from
differences in the local immune environment. The immunological milieu of the intestine is
markedly different from that of the lymph node, and here other factors/cytokines such as
TSLP may act as growth factors to promote Treg survival (257). For example, in the
steady state TSLP is produced by intestinal epithelial cells (258-260), and in response to
TLR signalling, intestinal CD103" DCs produce TSLP that supports the generation of
Foxp3* Treg (257). Because intestinal DC are stimulated through TLRs (257), gut resident
commensal bacteria could drive DC TSLP under homeostatic conditions to support Foxp3*

Treg.
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Despite the elevated natural Foxp3™ Treg activity in the naive setting, upon H. polygyrus
infection ICOS™ mice failed to mount an adaptive Foxp3* Treg response within the LP.
The mucosal environment has a propensity for the generation of adaptive Foxp3™ Tregs
(70, 261), and H. polygyrus secretes a TGF-ff mimic capable of inducing Foxp3 expression
in naive T cells (144). Thus, based on expression of the natural Foxp3® Treg marker
Helios (69), it was not unexpected that the LP Foxp3™ Tregs recruited in response to H.
polygyrus infection of WT mice were all Helios™. This indicates that H. polygyrus primarily
induces an adaptive Foxp3™ Treg response at the infection site, albeit with the caveat that
the use of Helios as a natural Foxp3® Treg marker is controversial and may not be
accurate in all immune contexts (246). Although studies indicate that ICOS is not required
for the induction of adaptive Foxp3®™ Tregs from CD4°CD25 precursors in naive mice
(256), the LP Helios'Foxp3™ Tregs population failed to expand in response to H. polygyrus
infection suggesting that ICOS is required for intestinal adaptive Foxp3® Treg responses

during helminth infection.

Adaptive Foxp3® Helios” Treg were preferentially induced in the intestine following H.
polygyrus infection, but it is not known whether natural or adaptive Foxp3®™ Treg in the
lymph node are selectively expanded in response to H. polygyrus infection. In contrast to
the intestine, in the MLN, numbers of both natural Foxp3™ Helios® and adaptive Foxp3*
Helios™ cells expanded in response to infection. Further, natural and adaptive Foxp3”
Tregs were reduced in ICOS deficient mice suggesting that ICOS maintains both
populations in the local lymph node during H. polygyrus infection. During egg-phase S.
mansoni infection, natural Foxp3®™ Treg have been shown to control the magnitude of the
type 2 response to the eggs (85, 115), and in vitro, Foxp3 expression can be induced in T
cells exposed to S. mansoni egg antigens (244) suggesting that both natural and adaptive
Foxp3® Treg are active during the egg-phase. In keeping with these observations and

similar to H. polygyrus infection, during S. mansoni infection optimal expansion of both
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natural and adaptive Foxp3® Treg required ICOS. Thus, ICOS contributes to the
maintenance of natural and adaptive Treg during both intestinal nematode and blood

trematode infection.

In some immune settings the use of the transcription factor Helios to distinguish natural
Treg from adaptive Treg may not be valid. For example, Foxp3® Treg induced from Foxp3"
T cells in vivo following recognition of cognate antigen were Helios®, demonstrating that
adaptive Foxp3™ Treg can express Helios (246). In addition, Helios expression can be
induced in Foxp3™ effector T cells following in vitro TCR stimulation (262) and Helios has
been associated with Foxp3™ Th2 and Tfh cells in an alum-OVA model of Th2 immunity
(263). Therefore, Helios may not exclusively mark and accurately distinguish natural
Foxp3® Treg from Foxp3® adaptive Treg. To test if the expansion of putative Helios™
Foxp3* Treg seen in the LP of H. polygyrus infected mice accurately reflected expansion
of adaptive Treg we set up a novel system to measure in vivo conversion of Foxp3™ naive
T cells to Foxp3* Treg during helminth infection. RAG” mice were reconstituted with GFP-

and GFP* T cells from congenically distinct Foxp3©¢ "

mice, allowing us to track GFP" cells
that switch on Foxp3 to become GFP’. In naive recipient mice, a proportion of Foxp3*
(GFP™) cells expressed Ly5.1 suggesting homeostatic conversion of Ly5.1 Foxp3™ to Ly5.1
Foxp3™ T cells in recipient mice. The GALT are well known for the conversion of naive T
cells to adaptive Foxp3™ Treg through TGF-B and retinoic acid signalling (70, 264), and gut
resident microbiota have been shown to induce Foxp3 expression in intestinal tissues
(265, 266). Therefore, the presence of GFP'Ly5.1" cells in the MLN and LP of naive mice

could represent those naive T cells activated by gut commensals in the presence of TGF-3

and retinoic acid to become adaptive Foxp3* Treg.

Following H. polygyrus infection, there was no expansion of either natural GFP*Ly5.2" or
adaptive GFP*Ly5.1" Treg in the MLN or the LP. This was in contrast with Helios and

Foxp3 flow staining, which showed expansion of Foxp3*Helios™ adaptive Treg in the LP of
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H. polygyrus infected WT mice. That we did not see an expansion of either population in
the GFP-tagged Treg tracking system could result from the inadequate immune
environment of RAG™ recipient mice. For example, the absence of B cells in RAG” mice
could impede expansion of Foxp3® Treg, as B cell depletion has been shown to reduce
Treg numbers and impair their suppressive capacity resulting in enhanced autoimmunity
(247). Critically, B cells are also important for the expansion of Treg during helminth
infection, demonstrated by the failure of Foxp3™ Treg to expand in H. polygyrus infected
MMT mice (Dr Katherine Smith, Dr Rick Maizels, personal communication). Therefore, the
lack of a Foxp3™ Treg response in our RAG™ recipient mice could result from the absence
of B cells and future experiments aim to re-populate CD3¢”" mice, which have the
propensity to develop B cell responses once reconstituted with T cells, to circumvent this
problem. Despite these issues, following H. polygyrus infection only adaptive Foxp3™ Treg
showed reduced expression of Nrp-1, which could indicate activation of this population
(113). This would be in keeping with the accumulating evidence suggesting preferential
induction of adaptive Treg by H. polygyrus, such as induction by HES (144), and in
addition, live H. polygyrus infection has been shown to enhance Foxp3 induction in
DO11.10 cells in a model of OVA oral antigen exposure (144) demonstrating in vivo
stimulation of adaptive Treg by H. polygyrus. Interestingly, activation of Foxp3®™ Treg
during helminth infection may be more important for the suppression of host protective
immune responses than expansion of the population as a whole, as the increased
activation phenotype of Foxp3® Treg denotes cells with enhanced suppressive capacity
(31, 32). Alongside adaptive Foxp3® Treg, a role for natural Foxp3® Treg has been
described during infection with the intestinal nematode S. ratti (146). Therefore, it is most
likely that both adaptive and natural Foxp3™ Treg are active during H. polygyrus infection

and further refinement of the GFP tagged Foxp3™ Treg tracking system described here will
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allow the future study of the importance of these populations in the suppression of host

protective immunity to helminth infection.

Summary

Increased expression of ICOS is a hallmark of Foxp3® Treg activation during
infection with diverse helminth species.

Foxp3* Treg require ICOS co-stimulation for optimal expansion during intestinal and
filarial nematode infections, and blood trematode infection.

On the basis of Helios expression, both natural and adaptive Foxp3™ Treg depend
on ICOS for optimal expansion in the reactive lymphoid organs during H. polygyrus
and S. mansoni infections.

The effects of ICOS co-stimulation on Foxp3* Treg responses depend on the tissue
location; under homeostatic conditions, ICOS promotes Foxp3™ Treg responses in
the lymphoid tissues, but in the intestinal tissue ICOS deficiency leads to an
increase in the proportion of natural Helios"Foxp3™ Treg.

At the tissue site of H. polygyrus infection, HeliosFoxp3® adaptive Treg

preferentially expand in a manner dependent on ICOS.
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Chapter 4. Mechanisms of Foxp3* Treg deficiency in helminth infected ICOS™ mice.
4.0 Introduction

In chapter 3 we showed that ICOS co-stimulation is required for optimal Foxp3® Treg
responses to both nematode and trematode helminth infections. For a complete regulatory
response, Foxp3™ Treg must first be primed by antigen in the presence of co-stimulatory
signals to become activated (157). Following activation, co-stimulatory signals promote
Foxp3* Treg proliferation and expansion (154), and they play a further role in maintaining
the Foxp3™ Treg population and driving regulatory function such as secretion of inhibitory
cytokines (154). The reduced Foxp3* Treg response seen in helminth infected ICOS™
mice could result from a failure in any one of these processes that together constitute a
complete Treg response. We hypothesised, therefore, that ICOS signalling is utilised by
Foxp3" Treg during helminth infection to promote one or more of the following: i) priming

and activation, ii) proliferation, iii) survival, iv) cytokine secretion.

To generate an immune response, naive T cells require priming through cognate antigen
specific and non-cognate co-stimulatory signals before subsequent proliferation and
expansion. Following antigen priming, T cells begin to express activation markers
associated with cytokine signalling, co-stimulation and tissue trafficking (267, 268), and
measurement of these markers can be used to give an indication of recently primed T
cells. In response to helminth infection, Foxp3™ Treg increase expression of activation
markers (15, 31, 85), and this has been associated with an enhanced ability to proliferate
and suppress effector immunity (31, 32). ICOS is itself used as a marker for Treg
activation (269), and Foxp3™ Treg upregulate ICOS during helminth infection (15) (Chapter
3, Fig. 3.1 A-C). In vitro evidence suggests that ICOS co-stimulation augments expression
of the T cell activation markers CD40L, CD69 and CD25 (187, 199), but it is not known if

ICOS signalling contributes to the priming and activation of Foxp3™ Treg during helminth
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infection. We hypothesised that the failed Foxp3* Treg response seen in helminth infected
ICOS™ mice could be due to impaired priming in the absence of ICOS co-stimulatory

signals.

A second possibility is that ICOS acts down-stream of immune priming to drive Foxp3*
Treg proliferation. In support of this, early work to elucidate the effects of ICOS co-
stimulation demonstrated that stimulation of ICOS in vitro enhances CD4" T cell
proliferation (189), and that ICOS™ CD4" T cells have a defective proliferative capacity
following in vitro stimulation (197, 199). These early in vitro studies were expanded upon
to show that ICOS promotes T cell proliferation in a number of in vivo models of
autoimmunity and infection. For example, blockade of ICOS following the establishment of
EAE reduced antigen specific splenocyte proliferation (224) suggesting that ICOS co-
stimulation drives auto-reactive effector T cell responses. In addition, ICOS has been
shown to contribute to CD4" Teff cell proliferation during both protozoan and helminth
parasite infections. During T. muris infection of ICOS™ mice, BrdU incorporation analysis
demonstrated a four-fold reduction in the proportion of proliferating ICOS™ CD4* Th2
effector cells compared to WT Th2 cells, and similarly, ICOS™ CD4* Th1 effector cells
exhibited a reduced proliferative response following infection with the protozoan parasite
T. gondii (203). In another model of Th2 infection, blockade of ICOS in mice infected with
T. spiralis dramatically reduced antigen specific proliferation in local lymph node cells
(218). Thus, ICOS has been shown to contribute to Foxp3™ Teff proliferation during
helminth infection. Alongside Foxp3™ Teff, the rate of proliferation of Foxp3™ Treg rapidly
increases in response to helminth infection (15). Whether the ICOS pathway has a further
role in driving Foxp3® Treg proliferation during helminth infection has not been

investigated.

An alternate explanation for the reduced expansion of Foxp3® Treg seen in helminth

infected ICOS deficient mice is that ICOS™ Foxp3* Treg fail to survive, resulting in a
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reduction in their numbers. Previous work has shown that ICOS aids the survival of T cells
in a model of transfer colitis (270), and following T cell cognate antigen activation (207).
ICOS is also essential for the survival of NKT cells in vivo (271). The observation that
Foxp3* Treg are intact in the thymus of ICOS™ mice, but are reduced in the periphery
(207) could suggest that ICOS contributes to peripheral Foxp3® Treg survival. We
hypothesised, therefore, that ICOS has a further role in sustaining the survival of Foxp3*
Treg, and in doing so contributes to their expansion and maintenance during helminth

infection.

In addition to elucidating the mechanisms underlying the ICOS mediated expansion and
maintenance of Foxp3® Treg during helminth infection, we asked if ICOS was also
required for Foxp3™ Treg function during helminth infection. Multiple mechanisms are used
by Foxp3® Treg to suppress effector immune responses (149), and amongst these
mechanisms production of the suppressive cytokine IL-10 is key to Foxp3™ Treg function
(80, 81, 272). ICOS expression has been associated with CD4" T cell IL-10 production
both in vitro and in vivo (205, 206, 208, 211), and ICOS expression defines human Foxp3*
Treg with the ability to produce IL-10 (234). However, a firm functional link between ICOS
and Foxp3® Treg IL-10 has not been established, and it is not known if ICOS is required

for Foxp3™ Treg IL-10 during helminth infection.
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Chapter Aims

Is the impaired Foxp3" Treg response seen in helminth infected ICOS™ mice due to a

failure in one or more of the following functional aspects of a Foxp3® Treg response:

= Improper priming, measured by expression of activation markers?
= A reduction in the rate of Treg proliferation?

» Failure of Treg survival?

Furthermore, is ICOS required for induction of Foxp3" Treg IL-10 during helminth

infection?
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Results

4.1 Priming and activation of Foxp3* Treg is normal in H. polygyrus infected ICOS™

mice.

Following immune priming, T cells begin to increase expression of cell surface proteins
associated with activation (267, 268). To test if ICOS co-stimulation is required for priming
and activation of Foxp3® Treg during helminth infection, we measured the expression of a
number of Foxp3* Treg activation markers at d 7 of H. polygrus infection in the MLN of WT
and ICOS™ mice. Increases in the expression of GITR, CD25 and CD103 are indicative of
Foxp3* Treg activation. At d 7 of H. polygyrus infection, there was a significant increase in
the expression of GITR on Foxp3* Treg in both WT and ICOS™ mice (Fig 4.1 A). In
addition, the level of CD25 on Foxp3" Treg was significantly increased in ICOS™ mice,
with WT Foxp3™ Treg exhibiting a trend for increased CD25 expression (Fig 4.1 C). There
was also a trend for increased CD103 expression on Foxp3" Treg in both strains (Fig 4.1

D).

Conversely, downregulation in the expression of CD62L and PD-1 also indicates Foxp3*
Treg activation. Following infection, the expression of CD62L on Foxp3" Treg significantly
decreased in both strains of mice (Fig 4.1 B), and the expression of the inhibitory co-
stimulator PD-1 showed a trend toward down-regulation on Foxp3® Treg in both strains
(Fig 4.1 E). Notably, whereas WT Foxp3" Treg showed a decrease in the expression of
CD127 at d 7 of H. polygyrus infection, the level of CD127 expression on ICOS™ Foxp3*
Treg did not change (Fig. 4.1 F) which could indicate that ICOS deficient Treg remain
dependent on IL-7 signalling for homeostasis during H. polygyrus infection. Taken
together, these data suggest that ICOS co-stimulation is dispensable for the activation of
Foxp3* Treg during H. polygyrus infection. This would imply that the reduced expansion of

Foxp3* Treg seen in helminth infected ICOS™ mice is not due to impaired priming and
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activation of Foxp3* Treg.
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Figure 4.1 ICOS is dispensable for Foxp3® Treg activation following H. polygyrus
infection. C57BL/6 WT and ICOS™ mice were infected with H. polygyrus and the
expression of a number of surface markers known to denote Foxp3* Treg activation were
measured in the MLN at d 7 pi. (A-F) Geometric mean of fluorescence intensity for GITR,
CD62L, CD25, CD103, PD-1 and CD127 on Foxp3* Treg in the MLN at d 7 pi. (G-L) Open
circles represent naive WT mice and closed circles represent infected WT mice. Open
squares represent naive ICOS™ mice and closed squares represent infected ICOS™ mice.
Symbols denote individual mice and lines denote median values. Data are representative
of two separate experiments. §| denotes non-parametric significance tests p = < 0.05,

Mann Whitney U.
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4.2 Activation of Foxp3® Treg during egg-phase S. mansoni infection does not

require ICOS.

To test if ICOS was also required for Foxp3® Treg activation during the egg-phase of S.
mansoni infection, we measured the expression of CD25 and CD103 on Foxp3® Treg in
the spleen and MLN of WT and ICOS™ mice at wk 8 of S. mansoni infection. In keeping
with previous observations, Foxp3™ Tregs in the spleen and MLN of WT mice increased
expression of CD25 and CD103 upon S. mansoni infection (Fig 4.2 A-D). Alongside WT
Foxp3* Treg, ICOS™ Foxp3* Treg showed a similar increase in CD25 and CD103
expression following infection (Fig. 4.2 A-D). Therefore, in terms of CD25 and CD103
expression, this data suggests that similar to H. polygyrus infection, ICOS signalling does

not affect activation of Foxp3" Treg during S. mansoni infection.
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Figure 4.2 During S. mansoni infection Foxp3® Treg activation is independent of
ICOS. C57BL/6 WT and ICOS™ mice were infected with S. mansoni and the expression of
CD25 and CD103 on Foxp3* Treg were measured in the spleen and MLN at wk 8 pi. (A &
B) Geometric mean of fluorescence intensity for CD25 on CD4"Foxp3* Treg in the spleen
and MLN respectively at wk 8 pi. (C & D) Geometric mean of fluorescence intensity for
CD103 on CD4"Foxp3* Treg in the spleen and MLN respectively at wk 8 pi. Open circles
represent naive WT mice and closed circles represent infected WT mice. Open squares
represent naive ICOS™ mice and closed squares represent infected ICOS™ mice. Symbols
denote individual mice and lines denote median values. Data are representative of two
separate experiments. § denotes non-parametric significance tests p = < 0.05, Mann
Whitney U.
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4.3 ICOS is dispensable for activation of Treg during infection with the filarial

nematode L. sigmodontis.

Infection with the filarial nematode L. sigmodontis induces increases in Foxp3® Treg
expression of ICOS, PD-1 and GITR (15). To ask if Foxp3® Treg activation during filarial
nematode infection showed a requirement for ICOS co-stimulation, we measured the
expression of GITR and PD-1 on Foxp3™ Treg in the pleural cavity (PC), spleen and tLN of
BALB/c L. sigmodontis infected mice treated with anti-ICOS Ab or IgG control Ab. In line
with our previous observations (15), L. sigmodontis infection induced an increase in GITR
expression on Foxp3™ Treg in the PC and spleen (Fig. 4.3 A & B). However, due to
variation, this did not reach statistical significance in the tLN (Fig. 4.3 C). There was no
difference in the intensity of Foxp3™ Treg GITR expression between IgG control and anti-
ICOS Ab treated groups suggesting that ICOS does not affect Foxp3®™ Treg GITR
expression during L. sigmodontis infection (Fig. 4.3 A & B). Similarly, in the PC and
spleen, Foxp3"™ Treg increased expression of PD-1 in response to infection (Fig. 4.3 D &
E). In the tLN there was no increase in Foxp3®™ Treg PD-1 expression in control mice, but
in the anti-ICOS Ab treated mice the intensity of PD-1 expression on tLN Foxp3® Treg
showed a significant decrease (Fig. 4.3 F). In the PC, the infection-induced increase in
PD-1 expression by Foxp3®™ Treg was unaffected by anti-ICOS treatment, further
suggesting that Foxp3™ Treg activation is independent of ICOS (Fig. 4.3 D). In the spleen,
however, anti-ICOS Ab treatment boosted both the basal and infected levels of Foxp3*
Treg PD-1 to a level significantly greater than in control Ab treated mice (Fig. 4.3 E). This
could indicate that ICOS down-regulates Foxp3® Treg PD-1 expression in the spleen, or it
is possible that Foxp3™ Tregs are primed and activated as part of an immune response to
the anti-ICOS antibody. With the exception of PD-1 in the spleen, these data suggest, that
in keeping with H. polygyrus and S. mansoni infection, activation of Foxp3"* Treg does not

require ICOS co-stimulation during L. sigmodontis infection.
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Figure 4.3 During L. sigmodontis infection Foxp3® Treg activation is independent of
ICOS. BALB/c mice were infected with L. sigmodontis and treated with either anti-ICOS or
an irrelevant isotype control mAb. Mice were autopsied on d 12 pi and the expression of
GITR and PD-1 on Foxp3" Treg were measured in the PC, spleen and tLN. (A-C)
Geometric mean of fluorescence intensity for GITR on CD4"Foxp3* Treg in the PC, spleen
and tLN respectively at day 12 of L. sigmodontis infection. (D-F) Geometric mean of
fluorescence intensity for PD-1 on CD4'Foxp3" Treg in the PC, spleen and tLN
respectively at day 12 of L. sigmodontis infection. Open circles represent naive WT mice
and closed circles represent infected WT mice. Open squares represent naive ICOS™
mice and closed squares represent infected ICOS™ mice . Symbols denote individual mice
and lines denote median values. | denotes non-parametric significance tests p = < 0.05,

Mann Whitney U.
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4.4 ICOS is dispensable for the proliferation of Foxp3® Tregs during helminth

infection

That activation of Foxp3™ Treg took place in the absence of ICOS implies that priming of
Foxp3* Treg is unaffected by ICOS. This could suggest that ICOS acts downstream of
immune priming and drives the proliferation of Foxp3®™ Tregs during helminth infection. To
test if ICOS was required for proliferation of Foxp3™ Tregs we labelled dividing cells in vivo
by administration of BrdU to H. polygyrus and S. mansoni infected WT and ICOS™ mice 1
d prior to autopsy. Similarly, BALB/c mice infected with L. sigmodontis and treated with an

anti-ICOS antibody were given BrdU 1 d prior to autopsy.

Following H. polygyrus infection, the percentage of BrdU'Foxp3” cells in the MLN
increased significantly in both strains of mice demonstrating that Foxp3™ Tregs proliferate
in response to H. polygyrus infection (Fig. 4.4 A). There was no difference in the
percentage of BrdU'Foxp3" Tregs between infected ICOS™ and WT mice. This would
suggest that ICOS is not required for Foxp3® Treg proliferation during H. polygyrus

infection.

In contrast to H. polygyrus infection, infection with S. mansoni had no marked effect on
Foxp3™ Treg proliferation. At both wk 6 and wk 8 of S. mansoni infection there was no
change in the percentage of proliferating Foxp3™ Tregs in the spleen (Fig 4.4 B & C). Only
in the MLN at wk 8 of infection was there a small non-significant increase in the
percentage of proliferating Foxp3* Treg in both WT and ICOS™ mice (Fig. 4.4 D).
Therefore, although unchanged by infection, there was no difference in the percentage of
BrdUFoxp3* Tregs between WT and ICOS™ mice, further demonstrating that ICOS is

dispensable for Foxp3™ Treg proliferation.

In keeping with previous studies, L. sigmodontis induced an increase in the proportion of

BrdU*Foxp3* Treg in the PC indicating an increase in the rate of Foxp3™ Treg proliferation
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at the site of infection (Fig. 4.4 E). In the spleen and draining lymph node, however,
preliminary data showed there were only trends for an increase in the proportion of BrdU*
Foxp3* Treg following infection (Fig. 4.4 F & G). In the PC, ICOS blockade had no effect
on the percentage of BrdU'Foxp3™ Treg (Fig. 4.4 E), suggesting that similar to H.
polygyrus and S. mansoni infection, L. sigmodontis induced Foxp3" Treg proliferation is
independent of ICOS signalling. Taken together, these data suggest that the proliferative
capacity of Foxp3™ Treg is unchanged by ICOS co-stimulation during helminth infection.
This suggests that the failed expansion of Foxp3" Treg seen in helminth infected ICOS™

mice is not due to reduced Foxp3* Treg division.
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Figure 4.4. ICOS is dispensable for the proliferation of Foxp3® Tregs during
infection. C57BL/6 WT and ICOS™ mice were infected with H. polygyrus (A), S. mansoni
(B-D) or L. sigmodontis (E-G) and given 1mg of BrdU i.p. 1 d prior to autopsy to label
dividing cells. (A) Percentage of CD4* Foxp3* cells expressing BrdU in the MLN at d 7 and
d 14 of H. polygyrus infection. (B & C) Percentage of CD4* Foxp3* cells expressing BrdU
in the spleen at wk 6 and wk 8 of S. mansoni infection respectively. (D) Percentage of
CD4" Foxp3* cells expressing BrdU in the MLN at wk 8 of S. mansoni infection. (E-G)
Percentage of CD4* Foxp3* cells expressing BrdU in the PC, spleen and tLN respectively
at d 12 of L. sigmodontis infection. Symbols denote individual mice and lines denote
means. Open circles represent naive WT mice and closed circles represent infected WT
mice. Open squares represent naive ICOS™ mice and closed squares represent infected
ICOS™ mice. For (A), data points show individual mice from two separate experiments. * p
= < 0.05, two way ANOVA followed by Tukeys post hoc test. For (B-G), data points show
individual mice from one experiment.
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4.5 In contrast to Foxp3® Treg, Foxp3 Teff require ICOS co-stimulation for optimal

proliferation during helminth infection.

Whilst the proliferation of Foxp3™ Treg was independent of ICOS, the rate of proliferation
of Foxp3™ Teff showed a marked dependency on ICOS during helminth infection. At d 7 of
H. polygyrus infection, there was a significant increase in the percentage of BrdU"Foxp3
Teff in WT mice (Fig. 4.5 A). Although the percentage of BrdU"Foxp3 Teff also increased
in ICOS deficient mice, the increase was of smaller magnitude such that the rate of
proliferating Foxp3™ Teff was significantly lower than that of WT mice. At d 14 of infection
the proportion of proliferating Foxp3™ Teff remained increased, although this did not reach
statistical significance, and was at a similar level in both WT and ICOS™ mice (Fig. 4.5 A).
This was in contrast with the proportion of proliferating Foxp3™ Treg, which remained
significantly elevated at d 14 of infection, indicating a stronger Foxp3® Treg response.
Thus, unlike Foxp3™ Treg, Foxp3™ Teff require ICOS co-stimulation for optimal proliferation

during early H. polygyrus infection.

Foxp3™ Teff proliferation showed a similar requirement for ICOS during S. mansoni
infection. At wk 8 of S. mansoni infection, both WT and ICOS™ mice showed an increase
in the percentage of BrdU* Foxp3™ Teff in the spleen (Fig. 4.5 B), but in the ICOS™ mice
the percentage of BrdU" Foxp3™ Teff was significantly lower than WT mice, suggesting that
ICOS signalling contributes to Foxp3™ Teff proliferation during S. mansoni infection. In the
MLN there was a similar increase in the percentage of proliferating Foxp3™ Teff in both WT
mice and ICOS™ mice, but again this trended toward a lower level in the ICOS™ mice (Fig.
4.5 C). In the spleen at wk 6 of infection, in WT mice the increase in the percentage of
BrdU" Teff was lower than that of wk 8 and did not reach statistical significance, but
mirroring the trends of wk 8, this was absent in ICOS™ mice (Fig. 4.5 D). Due to cell death
we were unable to measure the proportion of BrdU™ Teff in the MLN at wk 6 of infection

(data not shown). These data suggest that ICOS promotes Foxp3™ Teff proliferation during
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the early egg-phase of S. mansoni infection.

Blockade of ICOS with an antibody had a different effect on Teff proliferation to germline
ICOS deficiency. During L. sigmodontis infection, the percentage of proliferating BrdU*
Foxp3™ Teff increased in both the spleen and PC and this was unaffected by treatment with
anti-ICOS Ab, although further experiments are required to confirm this (Fig. 4.5 E & F
respectively). Taken together, these data suggest that ICOS has different effects on
Foxp3* Treg and Foxp3™ Teff proliferation. ICOS was dispensable for the proliferation of
Foxp3® Treg, but Foxp3™ Teff were dependent on ICOS optimal proliferation during the

early stages of H. polygyrus infection and egg-phase of S. mansoni infection.
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Figure 4.5. In contrast to Foxp3® Treg, Foxp3 Teff require ICOS for maximum
proliferation during helminth infection. C57BL/6 WT and ICOS™ mice were infected
with H. polygyrus (A), S. mansoni (B-D) or L. sigmodontis (E-G) and given 1mg of BrdU
i.p. 1 d prior to autopsy to label dividing cells. (A) Percentage of CD4"Foxp3™ cells
expressing BrdU at d 7 and d 14 of H. polygyrus infection. (B & C) Percentage of
CD4"Foxp3™ cells expressing BrdU in the spleen and MLN and wk 8 of S. mansoni
infection respectively. (D) Percentage of CD4* Foxp3™ cells expressing BrdU in the spleen
at wk 6 of S. mansoni infection. (E-G) Percentage of CD4*"Foxp3” cells expressing BrdU in
the PC, spleen and tLN respectively at day 12 of L. sigmodontis infection. Symbols denote
individual mice and lines denote means. Open circles represent naive WT mice and
closed circles represent infected WT mice. Open squares represent naive ICOS™ mice
and closed squares represent infected ICOS™ mice. For (A), data points represent
individual mice from two separate experiments. § denotes significant increase due to
infection. * p = < 0.05, two way ANOVA followed by Tukeys post hoc test. § denotes non-
parametric significance tests p = < 0.05, Mann Whitney U.
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4.6 ICOS deficiency leads to an increase in the rate of Treg apoptosis

Given that ICOS was dispensable for Foxp3™ Treg proliferation during infection, we next
asked if the defective Foxp3* Treg responses seen in helminth infected ICOS™ mice were
due to impaired survival. Therefore, we measured the ex vivo percentage of apoptotic
Annexin V'CD25'CD4" T cells in the MLN of d 7 and d 10 H. polygyrus infected WT and
ICOS™ mice. CD25 was used as a surrogate marker for Foxp3* Tregs as co-detection of
Annexin V and Foxp3 was not possible. The proportion of CD25" Treg undergoing
apoptosis in naive mice was consistently greater in ICOS™ mice when compared to WT,
suggesting that ICOS contributes to CD25" Treg survival under normal homeostatic
conditions (Fig. 4.6 A & B). Upon H. polygyrus infection, both WT and ICOS” mice
showed an increase in the percentage of apoptotic Annexin V'CD25" Tregs in the MLN,
but the proportion of apoptotic Treg remained significantly greater in ICOS deficient
animals (Fig. 4.6 A & B), which suggests ICOS also promotes Treg survival during H.
polygyrus infection. The pattern in the rate of Treg apoptosis was similar in the CD25" Teff;
the percentage of Annexin V'CD25 cells was greater in both naive and H. polygyrus
infected ICOS deficient mice (Fig. 4.6 C). Thus, during homeostatic conditions and during
H. polygyrus infection, ICOS co-stimulation promotes the survival of both CD25" Treg and
CD25 Teff, potentially explaining the failed expansion of Treg in helminth infected ICOS™

mice.
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Figure 4.6. ICOS deficiency leads to an increase in the rate of Treg apoptosis.
C57BL/6 WT and ICOS™ mice were infected with H. polygyrus and the percentage of
Annexin V* CD25" cells of total CD4" in the MLN were quantified at d 7 (A) and d 10 (B) of
infection. (C) Percentage of Annexin V* CD25" cells of total CD4" in the MLN at day 7.
Symbols denote individual mice and lines denote means. Open circles represent naive WT
mice and closed circles represent infected WT mice. Open squares represent naive ICOS
" mice and closed squares represent infected ICOS™ mice. § denotes significant increase
due to infection * p = < 0.05, two way ANOVA followed by Tukeys post hoc test.

4.7 The attrition rate of BrdU labelled Foxp3* Treg is unchanged by H. polygyrus

infection or ICOS signalling

Annexin V staining gives a good measure of the rate of cellular apoptosis at a given time
point. As a complement to Annexin V staining, we performed BrdU pulse chase
experiments to measure the loss of Foxp3® Treg during H. polygyrus infection. WT and
ICOS™ mice were infected with H. polygyrus, then at d 5 pi pulsed with BrdU by a single
i.p. injection followed by 2 days of oral administration to label all Foxp3* Tregs that divided
in this time period. The proportion of BrdU*Foxp3™ cells in the MLN measured on d 10 pi
was compared to the baseline measurement on d 7 pi and the fold reduction was

calculated to determine the loss of BrdU'Foxp3* Treg over this period. Although the
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individual experiments did not give consistent results, when the data from three separate
experiments was combined there was no significant increment in the loss of BrdU*Foxp3”
cells between d 7 and d 10 in H. polygyrus infected mice when compared to naive
controls, and there were no differences between naive or infected WT and ICOS™ mice
(Fig. 4.7 A). This would suggest that neither H. polygyrus infection nor ICOS signalling

affects the loss of BrdU"Foxp3* Treg.

As a control to ensure that any loss of BrdU"Foxp3™ Treg in the MLN did not simply reflect
migration to the LP, we measured the percentage of BrdU*Foxp3™ Treg in the LP at d 7
and d 10 pi. Between d 7 and d 10 the percentage of BrdU"Foxp3* Treg in the LP declined
(Fig. 4.7 B), suggesting that the reduction in the percentage of BrdU'Foxp3” Treg in the
MLN is not due to trafficking to the LP. Further, the percentage of BrdU"Foxp3® Treg in the
LP of WT and ICOS™ H. polygyrus infected mice was equal (Fig. 4.7 B), suggesting that
similar to the MLN (Fig 4.4 A), ICOS co-stimulation is dispensable for Foxp3® Treg

proliferation at the site of infection.
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Figure 4.7 The attrition rate of BrdU labelled Foxp3® Treg is unchanged by H.
polygyrus infection or ICSO signalling. C57BL/6 WT and ICOS” mice were infected
with H. polygyrus and 1 mg BrdU was administered to animals i.p. at d 5 pi and at 0.8
mg/ml in the drinking water from d 5 to d 7 pi. Mice were autopsied on d 7 and d 10 of
infection. (A) Fold decrease in the number of BrdU*Foxp3* Treg cells in the MLN between
d 7 and d 10 of infection. (B) Percentage of CD4"Foxp3* cells expressing BrdU in the LP
at d 7 and d 10 of H. polygyrus infection. Open circles represent naive WT mice and
closed circles represent infected WT mice. Open squares represent naive ICOS™ mice
and closed squares represent infected ICOS™ mice. Symbols denote individual mice and
lines denote means.

4.8 IL-2 production from Foxp3 Teff cells during H. polygyrus infection is reduced in

the absence of ICOS

The T cell cytokine IL-2 is critically important for homeostasis and survival of Treg in the
periphery. Conflicting early in vitro evidence suggests that ICOS co-stimulation is either
dispensable for T cell IL-2 production (187), or that it contributes to IL-2 production (197).
To determine if ICOS contributes to in vivo IL-2 production during H. polygyrus infection,
we infected WT and ICOS deficient mice with H. polygyrus and FACS stained MLN CD4"
T cells for intracellular IL-2 at d 7 and 14 pi. At d 7 and d 14 pi, in WT mice, H. polygyrus
infection induced a significant increase in the proportion of CD4" T cells positive for IL-2 in

the MLN, but in ICOS™ mice the proportion of IL-2*CD4" T cells did not increase (Fig 4.8 A
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& B). This preliminary data suggests that ICOS is required for T cell IL-2 during H.
polygyrus infection and the reduction in IL-2 availability could potentially explain why Treg

survival is impaired in the absence of ICOS.
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Figure 4.8. IL-2 production from Foxp3 Teff cells during H. polygyrus infection is
reduced in the absence of ICOS. C57BL/6 WT and ICOS™ mice were infected with H.
polygyrus and the percentage of CD4* T cells positive for IL-2 in the MLN at d 7 and d 14
pi was determined by intracellular flow cytometry. (A) Percentage of CD4*IL-2" T cells the
MLN at d 7 pi. (B) Percentage of CD4*IL-2" T cells the MLN at d 14 pi. Symbols denote
individual mice and lines denote means. Open circles represent naive WT mice and closed
circles represent infected WT mice. Open squares represent naive ICOS™ mice and
closed squares represent infected ICOS™ mice. § denotes significant increase due to
infection * p = < 0.05, Mann Whitney t-test.

4.9 Foxp3' Treg, but not Foxp3 Teff, require ICOS co-stimulation for IL-10

production during H. polygyrus infection.

Secretion of IL-10 is one of the main mechanisms used by Foxp3® Treg for suppressor
function. To assess the contribution of ICOS to Foxp3® Treg function during helminth
infection, we infected WT and ICOS deficient mice with H. polygyrus and FACS stained
Foxp3® and Foxp3™ CD4" T cells in the MLN and LP for intracellular IL-10. During H.
polygyrus infection, in the LP there was an increase in the percentage of IL-10" cells within
the Foxp3™ population in WT mice, but this was completely absent in ICOS deficient mice
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(Fig. 4.8 A). Interestingly, the percentage of IL-10 producing cells in the Foxp3™ Teff
compartment was unchanged by H. polygyrus infection suggesting that Foxp3™ Treg are
the major source of IL-10 at the site of H. polygyrus infection (Fig. 4.8 B). Similar to the LP,
in the MLN WT Foxp3™ Treg increased IL-10 production on infection (Fig. 4.8 C) and
although ICOS™ Foxp3* Treg also increased IL-10 protein, this was to a significantly lower
level than WT. In contrast to the LP, MLN Foxp3™ Teff IL-10 increased on infection (Fig. 4.8
D). There was, however, no difference in the level of Teff IL-10 between WT and ICOS™
mice. Taken together, these data suggest that ICOS differentially regulates Foxp3™ Treg
and Foxp3 Teff IL-10 production, and that the level of Foxp3™ Treg requirement for ICOS
driven IL-10 production depends on tissue location. In the intestinal LP Foxp3™ Treg are
dependent on ICOS co-stimulation for IL-10 protein during H. polygyrus infection. In the
local lymph node, ICOS signalling contributed to Foxp3™ Treg IL-10 production, but was

dispensable for Foxp3™ Teff IL-10 production.
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Figure 4.9 ICOS is required for Foxp3® Treg, but not Foxp3 Teff, IL-10 protein
production during H. polygyrus infection. C57BL/6 WT and ICOS™ mice were infected
with H. polygyrus and the proportion of IL-10* cells within the CD4* Foxp3* and Foxp3
populations was determined in the LP and MLN by flow cytometry. (A) Percentage of IL-
10* within the LP CD4"Foxp3* and (B) Foxp3™ population at d 7 pi. (C) Percentage of IL-
10* within the MLN CD4'Foxp3* and (D) Foxp3™ population at d 7 pi. Open circles
represent naive WT mice and closed circles represent infected WT mice. Open squares
represent naive ICOS™ mice and closed squares represent infected ICOS™ mice. Symbols
denote individual mice and lines denote median values. Data are representative of two
separate experiments. * denotes non-parametric significance tests p = < 0.05, Mann
Whitney U.

4.10 In contrast to H. polygyrus infection, both Foxp3* Treg and Foxp3™ Teff utilize

ICOS signalling for optimal IL-10 production during S. mansoni infection

IL-10 is critically important for protection from fatal immune pathology during the egg-
phase of S. mansoni infection (30), and it has been suggested that ICOS contributes to the
control of hepatic pathology through IL-10 (241). To investigate the contribution of ICOS to

IL-10 production from Foxp3® and Foxp3™ sources during S. mansoni infection, we infected
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WT and ICOS™ mice with S. mansoni and FACS stained CD4" T cells from the spleen and
liver for intracellular IL-10 and intranuclear Foxp3. Similar to H. polygyrus infection, in the
liver of S. mansoni infected WT mice, Foxp3® Tregs significantly increased production of
IL-10 (Fig. 4.9 A). This increase was missing in ICOS deficient mice suggesting that ICOS
promotes hepatic Foxp3™ Treg IL-10 production during S. mansoni infection. In WT mice,
in contrast to the H. polygyrus infection site where only Foxp3® Treg increased IL-10,
Foxp3 Teff at the site of S. mansoni infection also upregulated IL-10 production (Fig. 4.9
B), suggesting that IL-10 from both Foxp3" Treg and Foxp3™ Teff sources is required for
the suppression of exuberant immune responses in the liver. In ICOS deficient mice, the
percentage of hepatic Foxp3™ IL-10" cells showed only a trend for an increase on S.
mansoni infection and was significantly lower than that of WT mice (Fig. 4.9 B). Therefore,
these data suggest that both Foxp3® Treg and Foxp3™ Teff depend upon ICOS co-

stimulation for IL-10 production at the site of S. mansoni infection.

Similar to the liver, the percentage of splenic IL-10"Foxp3™ Treg increased on infection in
WT mice, but not in ICOS™ mice (Fig. 4.9 C) suggesting that ICOS is required for Foxp3*
Treg IL-10 production in the lymphoid tissue draining the site of S. mansoni infection.
Again, the proportion of splenic Foxp3™ Teff IL-10" cells increased on infection in WT mice,
and also in ICOS™ mice, although to a lesser extent than that of WT (Fig. 4.9 D). Thus, in
contrast to H. polygyrus infection where only Foxp3™ Treg require ICOS for IL-10, during S.

mansoni infection Foxp3™ Treg and Foxp3™ Teff utilise ICOS signalling for IL-10 production.
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Figure 4.10 In contrast to H. polygyrus infection, both Foxp3* Treg and Foxp3 Teff
utilize ICOS signalling for optimal IL-10 production during S. mansoni infection.
C57BL/6 WT and ICOS™ mice were infected with S. mansoni and the proportion of IL-10*
cells within the CD4*Foxp3* and Foxp3 populations was determined in the liver and
spleen by flow cytometry at wk 8 pi. (A) Percentage of IL-10" within the hepatic
CD4"Foxp3* and (B) Foxp3 population at wk 8 pi. (C) Percentage of IL-10* within the
splenic CD4"Foxp3* and (D) Foxp3 population at wk 8 pi. Open circles represent naive
WT mice and closed circles represent infected WT mice. Open squares represent naive
ICOS” mice and closed squares represent infected ICOS™ mice. Symbols denote
individual mice and lines denote median values. Data show one experiment. * denotes
non-parametric significance tests p = < 0.05, Mann Whitney U.

4.11 GFP expression in Foxp3" Treg from IL-10 GFP reporter mice does not increase

on H. polygyrus infection and is unaffected by the absence of ICOS.

To confirm the IL-10 flow cytometry data, we crossed ICOS™ mice with IL-10 GFP reporter
mice (TIGER mice). To date, one of the drawbacks of GFP reporter mice was that co-
detection of GFP with Foxp3 was not possible by flow cytometry. The buffers required for
intranuclear staining of Foxp3 degrade the GFP epitope, whereas the buffers used for
intracellular staining of GFP do not perforate the nuclear membrane and impede staining

of intranuclear Foxp3. However, | developed a novel protocol to fully detect both GFP and
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Foxp3 by flow cytometry. This was achieved by adding a low concentration of TritonX-100
detergent to the manufacturer’s intracellular staining buffers to simultaneously perforate
both the cell membrane and nuclear membrane and fix them in this manner.
Subsequently, a combination of antibodies was used to recover the GFP signal, and
because the nuclear membrane had been perforated and fixed in an open configuration,
Ab detection of Foxp3 was also possible. ICOS™ TIGER mice were infected with H.
polygyrus and GFP expression within the Foxp3 population was measured at d 7 pi in the
MLN and LP. Although the basal proportion of LP GFP* Foxp3® Treg was significantly
greater in ICOS™ TIGER mice than WT, there was no increase in the proportion of LP
GFP* Foxp3" Treg following H. polygyrus infection in either strain (Fig. 4.11 A & B).
Similarly, there was no increase in the proportion of GFP*Foxp3™ Teff in WT or ICOS™
mice following infection, but in contrast to Foxp3™ Treg, within the Foxp3™ Teff population
there was no difference in the basal levels of GFP expression between WT and ICOS™
mice (Fig. 4.11 C). In the MLN, there was no difference in the proportion of GFP* Foxp3*
Treg or GFP* Foxp3~ Teff between WT and ICOS” mice and no change in the proportion
of these cells due to infection (Fig 4.11 D & E). These data suggest that H. polygyrus
infection does not increase Foxp3™ Treg or Foxp3™ Teff GFP protein expression, and
contrasts with the flow cytometry data that showed an ICOS dependent infection induced

increase in Foxp3® Treg and Foxp3 Teff IL-10 protein production.
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Figure 4.11 GFP expression in Foxp3® Treg from IL-10 GFP reporter mice does not
increase on H. polygyrus infection and is unaffected by the absence of ICOS. TIGER
and ICOS” TIGER mice were infected with H. polygyrus and the proportion of GFP* cells
within the CD4"Foxp3* and Foxp3 populations was determined at d 7 pi by flow cytometry.
(A) Representative FACS plots showing GFP versus Foxp3 in the LP at d 7 pi. (B)
Percentage of GFP* within the CD4*Foxp3* and (C) Foxp3™ population in the LP at d 7 pi.
(D) Percentage of GFP* within the CD4"Foxp3* and (E) Foxp3™ population in the MLN at d
7 pi. Open circles represent naive WT mice and closed circles represent infected WT
mice. Open squares represent naive ICOS™ mice and closed squares represent infected
ICOS™ mice. Symbols denote individual mice and lines denote mean values. Panels show
combined data from two separate experiments. * p = < 0.05, two way ANOVA followed by
Tukeys post hoc test.
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4.12 Discussion

The defective expansion and diminished maintenance of Foxp3™ Treg in helminth infected
ICOS deficient mice suggested a failure in one or more of the processes required for a
complete Foxp3™ Treg response. The first step in the generation of a T cell response is
activation by cognate antigen in the MHC complex. If accompanied by appropriate co-
stimulatory signals activated T cells undergo clonal expansion (268). The loss of ICOS
signals during Foxp3® Treg priming could explain the impaired expansion of Foxp3™ Treg
that was evident in helminth infected ICOS™ mice. One of the obstacles to measuring
immune priming during helminth infection is the identification of recently antigen activated
Foxp3* Treg. In the absence of a TCR transgenic to H. polygyrus antigens, we relied on
the measurement of cell surface activation markers to give an indication of those Foxp3”
Treg that have been primed by antigen and co-stimulatory signals. The activation
phenotype of ICOS™ Treg was similar to that of WT Treg suggesting that priming of
Foxp3* Treg in the absence of ICOS was normal. This is in keeping with the observation
that T cells only increase ICOS expression following TCR engagement (189) and suggests
that the ICOS pathway contributes to the expansion of Foxp3® Treg downstream of

immune priming.

After T cells have been activated during priming they begin to proliferate and expand in
number (268). In vivo analysis of T cell BrdU uptake showed that ICOS deficient Foxp3*
Treg were not impaired in their ability to proliferate in response to helminth infection.
Therefore, diminished Foxp3™ Treg proliferation does not explain the defective expansion
of Foxp3* Treg seen in ICOS™ mice during helminth infection. The division of Foxp3* Treg
is probably driven by other co-stimulatory signals or cytokines during helminth infection. In
support of co-stimulatory signals driving Treg division, antibody blockade of CD28 almost
completely blocks the in vivo proliferation of Tregs (173), and CD28 co-stimulation alone

(and not that of CD154, CD27, 4-1BB, OX-40 or ICOS) induces the proliferation of Foxp3*
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Treg in vitro (273). This would suggest that CD28 is unique amongst co-stimulators in its
ability to promote proliferation of Foxp3* Treg. Whether cytokines have a role in driving
helminth induced Foxp3® Treg proliferation has yet to be determined, but it is unlikely that
IL-2 enhances Treg proliferation because evidence suggests that the principal function of

IL-2 on Treg is to rescue them from apoptosis and maintain their survival (274-276)

In contrast to Foxp3® Treg, Foxp3™ Teff cells showed an early dependency on ICOS for
proliferative capacity during H. polygyrus infection. Similarly, ICOS has been shown to
drive CD4" T cell proliferation in both Th1 and Th2 polarised helminth infections (203).
This suggests that ICOS co-stimulation has different effects on Foxp3®™ Treg compared to
Foxp3™ Teff, and fits with a cell extrinsic effect of ICOS on T cell proliferation. ICOS
deficiency results in reduced IL-2 in vitro (197) and my own data suggests that ICOS is
required for IL-2 production from Foxp3™ Teff during H. polygyrus infection. Whereas
Foxp3™ Teff require IL-2 for proliferation (277) and survival (278, 279), the role of IL-2 for
Foxp3* Treg is exclusively one of survival (274-276). Therefore, reduced levels of IL-2 in
helminth infected ICOS™ mice would impair the rate of Foxp3™ Teff proliferation, but not
that of Foxp3™ Treg. This model would further predict that ICOS deficiency would impede
the survival of both Foxp3® Treg and Foxp3™ Teff. Indeed, both ICOS™ Foxp3* Treg and
Foxp3™ Teff showed an increased rate of apoptosis under homeostatic conditions and
during H. polygyrus infection. Thus, ICOS aids the survival of both Treg and Teff and
potentially explains the reduced proportions of Foxp3®™ Treg and failed expansion and
maintenance of Foxp3™ Treg seen in helminth infected ICOS™ mice. In keeping with this,
ICOS is known to aid the survival of T cells and NKT cells (207, 270, 271), and stimulates

the downstream signalling molecule Akt (280) which is a known T cell survival factor.

Whether ICOS mediates Treg survival through IL-2 remains to be formally identified, but in
support of this theory it has recently been shown that IL-2 rescues ICOS™ Foxp3™ Tregs

from apoptosis, but has no such effect on ICOS™ Foxp3™ Treg (208). This suggests that
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ICOS expression defines those Foxp3™ Treg that show a greater dependency on IL-2 to
maintain their survival. IL-2 signalling results in the downstream activation of pSTATS and
this is also crucial for Foxp3® Treg homeostasis (281). We aimed to evaluate pSTAT5
levels in Foxp3* Treg from H. polygyrus infected ICOS™ mice but we were unable to detect
this protein ex vivo by flow cytometry (data not shown). To detect sufficient levels of
pSTATS by flow cytometry, cells must be stimulated ex vivo with IL-2. However, this
treatment would have masked any ICOS dependent in vivo IL-2 defect and we would not

have been able to determine the impact of ICOS deficiency on pSTATS5.

Notably, following H. polygyrus infection ICOS” Foxp3* Treg failed to downregulate
expression of the IL-7Ra chain (CD127). That ICOS” Foxp3*" Treg retain IL-7Ra
expression suggests they remain dependent on IL-7Ra signalling for survival. It is known
that IL-7 is critical for the survival of naive T cells under homeostatic conditions (282-285).
However, following T cell antigen activation, the IL-7Ra is downregulated (286), and IL-2
has been shown to negatively regulate IL-7Ra expression (287) suggesting that T cells
switch from a dependency on IL-7 under homeostatic conditions, to IL-2 dependency
following activation by antigen. Therefore, | suggest that following H. polygyrus infection,
WT Foxp3* Treg switch from IL-7 to IL-2 dependency for survival and downregulate the IL-
7Ra as parasite responding Foxp3™ Teff increase IL-2 availability. Due to the reduced
Foxp3 Teff IL-2 seen in H. polygyrus infected ICOS™ mice, ICOS” Foxp3* Treg remain
partially dependent on IL-7 signalling for survival and retain surface expression of IL-7Ra
following nematode infection. Further, because the IL-7Ra promiscuously pairs with either
the common gamma chain yc cytokine receptor or the TSLPR to form the receptor for IL-7
or TSLP respectively (288, 289), it is possible that ICOS™ Foxp3* Treg require either IL-7
or TSLP for their homeostasis in the low IL-2 environment of H. polygyrus infected ICOS™

mice. In support of TSLP, it has been shown that despite the lymphopenia of IL-7" mice,
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the proportion of Tregs remains intact (290), suggesting that IL-7 is dispensable for Treg
homeostasis. In addition, GALT associated CD103* tolerogenic DCs producing TSLP are
required for the generation of Foxp3® Treg (257), and given the immune location of H.
polygyrus reactive Foxp3* Treg it is most likely that the failure of ICOS” Foxp3* Treg to
downregulate the IL-7Ra reflects a continued dependency on TSLP for their maintenance

due to the decreased IL-2 availability.

Following both H. polygyrus and S. mansoni infection, FACS staining for Foxp3 and IL-10
showed that ICOS was required for IL-10 protein production from Foxp3* Treg at the site of
infection, and to a lesser extent in the lymph node. In keeping with this strict dependency
of Foxp3* Treg on ICOS for IL-10 at the effector site, transfer of ICOS™ T cells into
diabetes prone NOD.TCRa™ mice showed that IL-10 production from pancreatic Foxp3*
Treg was severely impaired (208). Similarly, ICOS expression has been shown to license
human Foxp3* Tregs with the ability to suppress immune responses through IL-10 (234).
In contrast to Foxp3* Treg, ICOS™ Foxp3 Teff were unimpaired in their ability to produce
IL-10 during H. polygyrus infection, suggesting that ICOS acts in a cell specific manner to
drive IL-10. Diverse receptor expression and a distinct transcription factor signature
between Foxp3* Treg and Foxp3 Teff could result in alternate outcomes downstream of
ICOS stimulation. For example, Foxp3™ Teff responding to H. polygyrus infection are Th2
differentiated (291) and express the transcription factor GATA-3 which can induce
expression of IL-10 (292) independently of ICOS. ICOS deficiency did not completely
ablate Treg IL-10 in the lymph node and future experiments should determine if the

residual IL-10 is restricted to putative Th2 Treg expressing GATA3 (293).

In contrast to H. polygyrus infection, during S. mansoni infection cells of the Foxp3™ Teff

compartment were also partially dependent on ICOS for IL-10. This could be due to
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differences in the Th subsets comprising the Foxp3™ Teff population in the two helminth
infections. Whilst the majority of Foxp3™ Teff in H. polygyrus infection are Th2 cells, both
Th2 and Tr1 cells will be present in the Foxp3™ T cell response to S. mansoni infection (89,
150). Given that ICOS is crucial for IL-10 from cells with a Tr1 phenotype (205, 206), the
diminished IL-10 in the Foxp3" compartment seen during S. mansoni infection of ICOS
mice probably represents a loss of Tr1 cell IL-10, with the remaining IL-10 stemming from
activated Th2 cells. Despite the reduction in T cell IL-10 in ICOS™ mice we did not see any
of the mortality or immunopathology which is characteristic of S. mansoni infected IL-10"
mice (30). The reduction in IL-10 in ICOS™ mice was not complete and was co-incident
with a balanced Th2 cytokine response in the liver (Fig 6.9 F - H), which could account for
the lack of immune pathology seen in these mice. This contrasts with a previous report
showing that antibody blockade of ICOS during the egg phase of S. mansoni infection
resulted in reduced liver IL-10 and increased liver egg granulomas (241). The increase in
hepatic granuloma size was attributed to increased IFN-y levels although Th2 cytokines
were unaffected by anti-ICOS treatment. In ICOS™ mice, intracellular cytokine staining
showed that both Th1 and Th2 cytokines were unaffected potentially explaining why

granuloma size was unaffected (Fig 6.8 A).

To confirm our data showing that ICOS is required for Foxp3® Treg IL-10 protein
production, we crossed ICOS” mice with IL-10-IRES-GFP Tiger mice to mark cells
expressing IL-10 during H. polygyrus and infection. Tiger mice have an internal ribosome
entry site (IRES)- GFP cassette inserted via homologous recombination directly at the end
of the last exon and before the polyA site of the IL-10 gene such that post-transcriptional
regulation of IL-10 mRNA through the 3’ UTR is unaffected (243). The resulting construct
allows transcription of IL-10 in conjunction with GFP under the control of the endogenous

IL-10 promoter. In contrast to results obtained from FACS staining of IL-10, results
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obtained from H. polygyrus infected IL-10GFP reporter mice showed that IL-10 production
was not increased by Foxp3® Treg or Foxp3 Teff and suggests that GFP protein
expression does not fully reflect IL-10 protein production. Similarly, in 4get mice (that
harbour an analogous IRES construct) around 90% of Th2 primed CD4" T cells expressed
GFP protein, yet as few as 0.65% expressed IL-4 protein. Following re-stimulation of the
primed CD4" T cells the proportion of cells expressing both GFP and IL-4 protein
increased but only to a level approximately one-third that of the total GFP* population
(294). The discrepancy between GFP and cytokine protein expression in the reporter cells
most likely results from the different mechanisms governing their translation; whilst
translation of GFP is mediated by an IRES, IL-10 translation is cap dependent. IRES
elements can bypass the need for the translation initiation complex elF4F (295), which is
critically required for cap dependent translation (296), and further, translation of IRES
elements can take place during cell division when global translation is shut down (297).
Therefore, a greater proportion of GFP protein to cytokine protein can be present in

reporter cells.

That IL-10 protein production increased on infection whilst GFP expression did not, could
suggest that the regulation of IL-10 protein production is principally governed post-
transcriptionaly. This in keeping with the observation that re-stimulation of primed CD4" T
cells results in enhanced cytokine protein production, whilst the total GFP* population is
unaffected (294). Because ICOS™ Treg were unable to produce IL-10 protein during H.
polygyrus infection, ICOS is implicated as a post-transcriptional regulator of IL-10. ICOS
co-stimulation strongly activates the signalling molecule PI3K (280) resulting in the
downstream activation of p38 (298). Activation of p38 has been shown to inhibit the RNA
binding molecule tristetraprolin (TTP) that targets adenosine rich elements (ARE’s) in the

3’ UTR of IL-10 mRNA to induce its degradation (299, 300). Therefore, it is possible that
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ICOS enhances IL-10 protein production by stabilising IL-10 mRNA through activation of
p38. This is unlikely, however, as such a model would predict that GFP expression would
decline as a result of reduced stability of IL-10 mRNA in the absence of ICOS, and this
was not observed in ICOS™ tiger mice. Interestingly, another downstream target of the
ICOS pathway is mTOR, which has been shown to phosphorylate a family of proteins
termed elF4E-binding proteins (4E-BPs) (296). 4E-BPs inhibit formation of the translation
initiation complex elF4F, so that cap-dependent, but not IRES dependent, translation is
inhibited. Phosphorylation of 4E-BPs weakens their capacity to bind elements within the
elF4F initiation complex, and allows cap dependent translation initiation to take place
(296). Thus, ICOS activation of mTOR and the subsequent phosphorylation of 4E-BPs
could account for the observation that ICOS deficiency leads to reduced IL-10 protein but
does not affect IRES dependent GFP production. Such a mechanism may also explain
why blockade of ICOS reduces the proportion of huCD2 IL-4*CD4* T cells but does not

affect GFP*CD4" T cells following Leishmania major infection of 4get-KN2 mice (301).
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Summary

ICOS co-stimulation is dispensable for Foxp3* Treg proliferation during diverse
helminth infections.

In contrast to Foxp3* Treg, ICOS was required for optimal Foxp3™ Teff proliferation
during nematode and trematode infections.

Priming and activation of Foxp3®™ Treg took place independently of ICOS during
helminth infection.

ICOS was required for the infection induced Foxp3* Treg downregulation of the IL-
7Ra

ICOS co-stimulation contributed to the maintenance of Foxp3* Treg under
conditions of homeostasis and intestinal nematode infection.

ICOS signalling was critically required for Foxp3*™ Treg IL-10 protein production at
the site of intestinal nematode and blood trematode infection. ICOS also contributed
to Foxp3™ Treg IL-10 protein production in the local lymph nodes during helminth

infection.
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Chapter 5. Consequences of ICOS deficiency on Th2 immunity to H. polygyrus
5.0 Introduction

In the preceding chapters we described a novel role for ICOS in driving Foxp3™ Treg cell
responses during helminth infection. In the absence of ICOS, helminth induced Foxp3*
Treg responses were markedly impaired suggesting alleviation of immune suppression.
Removal of Treg immune suppression can result in stronger type 2 immunity such that
resistance to helminth infection is increased. However, whilst ICOS co-stimulation
promotes Foxp3™ Treg responses, it is also an important component for a complete anti-
helminth type 2 response. Thus, the ICOS pathway plays contradictory roles during

helminth infection, driving both positive and negative immune responses.

The role of the ICOS pathway in conventional CD4" T cell effector immune responses to
helminth infection has been investigated. For example, infection with the Gl nematode N.
brasiliensis results in increased levels of IL-4, IL-5, IL-10 and IFN-y. Blockade of ICOS
reduced the levels of both type 1 and type 2 cytokines, highlighting the importance of this
costimulator in Teff cell responses (201). Infection of ICOS™ mice with T. muris resulted in
decreased IL-4 and IL-13, yet increased IFN-y (203). Similarly, the use of an anti-ICOS Ab
in mice infected with the Gl nematode T. spiralis, led to increased in IFN-y production,
whilst IL-4 and IL-5 levels were reduced (218). Therefore, during intestinal nematode

infections type 2 effector responses show a requirement for ICOS.

Whilst these studies demonstrated that ICOS signalling contributes to the helminth
induced type 2 response, they focused on the lymph nodes draining the infection site.
Some co-stimulators can have different effects depending on the immune location under
investigation (245), and evidence suggests that type 2 responses at the tissue site of
helminth infection show a more limited requirement for ICOS co-stimulation. For example,

at the site of B. malayi infection, Th2 effector T cell responses were independent of ICOS

127



co-stimulation, and during S. mansoni infection, ICOS signalling was dispensable for IL-4
production from liver T cells (241, 302). Whether ICOS is required for type 2 responses at

the site of H. polygyrus infection has not been investigated.

Recent data has shown that Tfh cell are the main source of IL-4 in the lymph node
draining the site of H. polygyrus infection (303). Tfh are thought to be distinct from
conventional Th1 and Th2 cells but whether this is indeed the case, or if the Tfh phenotype
represents a stage of Th effector cell differentiation remains controversial. To properly
distinguish differentiated Tfh requires their localisation within the lymphoid follicles.
However, they express high levels of the follicular homing chemokine receptor CXCR5
and this serves as a good marker for their identification (304). ICOS is also highly
expressed by Tfh, and Tfh cells have been shown to be critically dependent on ICOS co-
stimulation for their differentiation and maintenance (227). Furthermore, blockade of ICOS
during L. major infection led to a reduction in the percentage of IL-4 producing follicular
resident CXCR5" Tfh cells suggesting that ICOS is important for Tfth during parasite
infection (301). This new data raises the interesting possibility that ICOS contributes to
type 2 immune responses generated in the lymphoid tissue during helminth infection

primarily through its effects on Tth cell.

A number of studies have recently described a new innate player in type 2 responses to
helminth infection (219). These cells are collectively known as innate helper 2 cells (IHCs)
and as an early source of type 2 cytokines they represent the first line of defence in the
immune response to helminths (219). Significantly, IHCs express ICOS at high levels (34)
suggesting that ICOS may also contribute to early innate type 2 responses. However, to
date there is no evidence to suggest what the functional significance of ICOS expression

by IHCs might be.
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Disruption of Treg during helminth infection has been shown to increase Th2 effector
cytokines and in some cases enhance parasite clearance (15, 146). However, it is now
known that both regulatory and effector immune responses show a requirement for ICOS
during helminth infection, and the level of resistance to helminth infection in ICOS deficient
mice may depend on the importance of ICOS to either arm of immunity. If Foxp3®™ Treg
have a greater degree of dependency on ICOS co-stimulation than Teff do, this could
alleviate suppression of the effector response resulting in a more efficacious type 2
response and increased resistance to helminth infection. Conversely, if ICOS is more
important for type 2 immune responses than Foxp3™ Treg responses, the anti-parasite

type 2 response will be impaired and this could increase susceptibility to infection.
Chapter Aims

» Does ICOS deficiency affect resistance to H. polygyrus infection?
= Does ICOS contribute to Th2 responses in the MLN and infection site?
* Do IHCs utilise ICOS for expansion under Th2 polarising conditions in vivo?

= [|s ICOS required for the expansion of Tth during H. polygyrus infection?
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Results
5.1 ICOS deficiency does not impact susceptibility to H. polygyrus infection

Depletion of Foxp3™ Treg during helminth infection can lead to enhanced Th2 immunity
and in some cases this results in increased parasite elimination (15, 146). Conversely,
disruption of type 2 effector immune responses can increase susceptibility to helminth
infection (19). ICOS deficiency led to a reduction in Foxp3® Treg responses during
helminth infection, but on the other hand ICOS has been shown to promote type 2
immunity to helminth infection. To determine the consequences of ICOS deficiency on
resistance to H. polygyrus infection, we measured H. polygyrus worm and egg numbers
from infected WT and ICOS™ mice. There were no differences in worm numbers at d 21,
or at d 28 of infection between infected WT and ICOS™ mice (Fig. 5.1 A), and no
differences in egg burden (Fig. 5.1 B). Therefore, ICOS deficiency has no impact on

resistance to H. polygyrus infection.
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5.1 ICOS deficiency does not impact susceptibility to H. polygyrus infection. WT and
ICOS™ mice were infected with H. polygyrus and the parasite burdens were assessed at d
21 and d 28 of infection (A), and the number of H. polygyrus eggs in the faeces were
quantified at d 14 and d 21 (B). Data points represent individual mice and bars show
median values. Closed circles denote H. polygyrus infected WT mice, closed squares
denote H. polygyrus infected ICOS™ mice.

5.2 ICOS has differential effects on anti-helminth type 2 cytokines depending on

immune location.

To determine the effects of ICOS deficiency on the type 2 response to H. polygyrus, we
infected WT and ICOS™ mice with H. polygyrus and measured CD4" T cell type 2 cytokine
responses in the MLN and LP of the small intestine by flow cytometry. In the MLN, at d 7
of infection, the percentage of IL-4" and IL-13" CD4" T cells increased in both WT and
ICOS™ mice indicating that ICOS is not required for early type 2 priming events (Fig. 5.2 A
& B). However, by d 14 of infection, the percentage of MLN IL-4 and IL-13" CD4" T cells
was significantly reduced in ICOS™ mice compared to WT (Fig. 5.2 A & B). Levels of T cell
IL-4 and IL-13 remained lower in ICOS™ mice throughout infection (Fig. 5.2 A & B). This
data suggests that ICOS co-stimulation is not required for early Th2 priming but that it is

required for promoting the type 2 response within the MLN once it has been established.
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Given that Th2 responses in the local lymph node are impaired, why are ICOS” mice not
more susceptible to H. polygyrus infection? In stark contrast to the MLN, in the LP the
proportion of CD4" T cells positive for IL-4 and IL-13 was markedly increased in H.
polygyrus infected ICOS™ mice compared to WT (Fig. 5.2 C) suggesting that ICOS acts to
downregulate Th2 cytokine production at the infection site. Thus, during H. polygyrus
infection, ICOS has differential effects on T cell Th2 cytokine production in different tissue
sites, promoting the ongoing Th2 response in the local lymph node, but acts to
downregulate Th2 cytokines at the site of infection. The differences in the magnitude of the
Th2 response between the lymph node and infection site could potentially explain why

resistance to H. polygyrus infection is unchanged in ICOS™ mice.

132



Lymph node Th2 cytokines

A Day 7 Day 14 Day 21
§ § —— ——
+ 8 6 61 §
E ° n < E & °
n [m) m) ()
o o (&}
+ 6 L + 4 +
o ey O asg ° o
|C_> [ O 41 ° O 44
- - = § = o
S 4 ks - kS ‘.
5 3 - 3 §
= - = 2 " = 2 *
X 21 X [ R [
: e - : ¥
z ol = o Z -
N Inf N Inf N Inf N Inf N Inf N Inf
WT ICOS* WT ICOS™* WT ICOS™*
B Day 7 Day 14 Day 21
& 51 § § & 4n 5 & 4 §
a) a) fa) °
O o ' O
i 4 . i 5 i .
O O -» § o 3
- F =
] [}
L2 M o g 0
= & = -F = °
® ® 14 ® 14 -j
.. 14 .. ..
3 @ 3 3
= 0-Q = O-L.—v— = 0--‘—4—|—
N Inf N Inf N Inf N Inf N Inf N Inf
WT ICOS* WT ICOS™* WT ICOS™*
Lamina propria Th2 cytokines
40- Day 7 . . 5 Day 7 %
& — 1 X |
(@] § O 4 - §I
i 309 - & =
2 § n E 3 u
5 04 . o S
+ ™ ° L
3 e s e
3% 107 2 1 *
o a (=]
= o edb 4
0 T T T T 0'* T * T
N Inf N Inf N Inf N Inf
WT ICOS* WT ICOS™"

5.2 ICOS has differential effects on anti-helminth type 2 cytokines depending on
immune location. WT and ICOS™ mice were infected with H. polygyrus and the
percentage of CD4" TCR* IL-4" and IL-13" cells in the MLN and LP was measured by intra
cellular flow cytometry. (A) Percentage of IL-4" cells within the CD4"TCR* population in the
MLN at d 7, 14 and 21 (B) Percentage of IL-13" cells within the CD4"TCR* population in
the MLN at d 7, 14 and 21. (C) Percentage of IL-4" and IL-13* cells within the CD4" TCR"
population in the LP at d 7. Data points represent individual mice and bars show median
values. Open circles denote naive WT mice and closed circles denote H. polygyrus
infected WT mice. Open squares denote naive ICOS” mice and closed squares denote H.
polygyrus infected ICOS™ mice. § = significant increase due to infection. * p= <0.05 Mann

Whitney test. Panels are representative of three separate experiments.
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5.3 ICOS is not required for IL-25 mediated expansion of innate helper cells

IHCs are now recognised as an essential early source of type 2 cytokines in response to
helminth infection (219). IHCs can be distinguished by expression of ICOS (in conjunction
with other markers) (219) yet the functional significance of ICOS expression by IHCs has
not been investigated. We wanted to ask if ICOS is required for the expansion and effector
function of IHCs, but IHCs are of low abundance during H. polygyrus infection (Dr
Katherine Smith, Dr Rick Maizels, unpublished observations), and in the absence of IL-13
reporter mice they can be difficult to identify. IHCs are, however, critically dependent on IL-
25 for their induction (219). Therefore, to ask if ICOS was required for IHCs development,
we administered recombinant IL-25 to WT and ICOS” mice and measured the proportion
of IL-13" non-T non-B cells in the MLN. As the first line of immune defence IHCs are most
prominent at mucosal sites so | intended to measure IHCs in the LP. Unfortunately, this
was not possible because IL-25 treatment resulted in the death of all LP mononuclear
cells, possibly due to excessive mucus production. Indeed, IL-25 is a potent inducer of
type 2 responses at mucosal surfaces (219) potentially driving increased goblet cell
hyperplasia and increased mucus secretion. In the MLN, following IL-25 treatment the
proportion and absolute numbers of CD3'CD19'CD4 TCR'IL-13" cells increased to similar
levels in both WT and ICOS™ mice (Fig. 5.3 A-C), suggesting that ICOS is not required for
the IL-25 driven expansion of IHCs. Thus, the loss of type 2 cytokines in the MLN of
helminth infected ICOS™ mice is not due to impaired innate help for the adaptive

response.
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5.3 ICOS is not required for IL-25 mediated expansion of nuocytes WT and ICOS™
mice were administered recombinant IL-25 or PBS as a control and the percentage of
CD3 CD19CD4 TCRIL-13" cells in the MLN were measured at d 7. (A) Representative
FACS plots showing ICOS versus IL-13 gated on CD3'CD19'CD4TCR cells. (B)
Percentage of IL-13" cells of the CD3'CD19°CD4 TCR’ population. Data points represent
individual mice and bars show median values. Open circles denote PBS treated WT mice
and closed circles denote IL-25 treated WT mice. Open squares denote PBS treated
ICOS™ mice and closed squares denote IL-25 treated ICOS™ mice. * p= < 0.05 Mann
Whitney test. Panels are representative of two separate experiments.

5.4 The reduced type 2 cytokines in the LN of H. polygyrus infected ICOS™ mice is

due to a loss of IL-4 secreting Tfh.

ICOS is highly expressed by the Tfth cell subset and these cells have been shown to be
the main source of IL-4 in the reactive lymph node during helminth infections (233, 303). In

the absence of ICOS the Tfh population is severely impaired (227). We found that the
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effects of ICOS deficiency on IL-4 were tissue specific, with reduced IL-4 in the MLN and
increased IL-4 in the LP, and because Tfh are abundant in the lymph nodes but absent
from the infection site, this raises the interesting question that the LN type 2 defect of
helminth infected ICOS™ mice is predominantly due to a loss of IL-4 secreting Tfh. To test
this, we measured Tfh responses in the MLN of H. polygyrus infected WT and ICOS™ mice

to see if the reduction in MLN IL-4 seen in ICOS™ mice was mirrored by a loss of Tth.

Tfh express high levels of CXCRS, ICOS and PD-1. ICOS cannot be used as a marker for
Tfh in ICOS™ mice, so Tfh are marked here based on expression of CD4, CXCR5, and
PD-1. CD4" T cells do not commit to the Tfh lineage and become localised within the
follicles until d 10 of infection (301), so at d 7 of H. polygyrus infection CD4*CXCR5'PD-1"
T cells most likely represent those cells in the process of differentiation to the Tfh subset.
Although the basal proportion of CXCR5*PD-1* cells was reduced in ICOS™ mice, at d 7 of
H. polygyrus infection the percentage of CXCR5'PD-1" cells increased in both WT and
ICOS™ mice (Fig. 5.4 A), suggesting that ICOS is not required for the initial infection
induced expansion of CXCR5'PD-1" T cells, before they have committed to the Tfh
lineage. In contrast, at d 14 of infection, when Tfh are fully committed, the expansion of
CXCR5'PD-1* Tfh seen in WT mice was absent in ICOS™ mice (Fig. 5.4 B), and
CXCR5'PD-1* Tfh remained reduced in ICOS™ mice at day 21 of infection (Fig. 5.4 C).
This failure in the expansion of CXCR5'PD-1" Tfh directly mirrored the reduction in the
proportions of MLN CD4" T cells producing IL-4 at d 14 and d 21 pi. Thus, ICOS is not
required for the early d7 expansion of pre-Tfh cells during H. polygyrus infection, and at
this stage the levels of MLN IL-4 were unaffected by ICOS deficiency. However, from d14
pi, once Tfh have fully commited to their lineage they become heavily dependent on ICOS
for their maintenance, and from this juncture onwards the reduction in the Tfh population

was followed by the loss of lymph node IL-4, suggesting that ICOS primarily contributes to
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the MLN type 2 response to H. polygyrus by maintaining the IL-4 producing Tfh cell

population.
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5.4 ICOS promotes lymph node Th2 responses through maintenance of Tfh. WT and
ICOS™ mice were infected with H. polygyrus and the percentage of CD4*CXCR5*PD-1*
cells in the MLN was measured at d 7, 14 and 21. Percentage of CXCR5'PD-1" cells
within the CD4" population in the MLN at d 7 (A), d 14 (B), and d 21 (C). Data points
represent individual mice and bars show median values. Open circles denote naive WT
mice and closed circles denote H. polygyrus infected WT mice. Open squares denote
naive ICOS” mice and closed squares denote H. polygyrus infected ICOS” mice. § =
significant increase due to infection * p = < 0.05 Man Whitney test. Panels are
representative of three separate experiments.

5.5 ICOS co-stimulation promotes the proliferation of committed Tfh cells during H.

polygyrus infection

ICOS was required for the early proliferation of Foxp3'CD4" Teff during H. polygyrus
infection (Fig 4.5 A). To test if the reduced expansion of CXCR5" Tth seen in ICOS™ was
due to a failure to proliferate, we administered BrdU to H. polygyrus infected WT and
ICOS™ mice 1 d prior to autopsy and measured the proportion of BrdU'CXCR5'PD-
1"CD4" T cells in the MLN. At d 7 of H. polygyrus infection, the proportion of proliferating

BrdU*CXCR5*PD-1" T cells significantly increased in both WT and ICOS™ mice (Fig. 5.5
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A) suggesting that ICOS is dispensable for the initial infection induced CXCR5"PD-1" pre-
Tth cell proliferative burst. However, by d 10 of infection the percentage of BdU”
proliferating CXCR5'PD-1" Tfh was severely reduced in ICOS™ mice compared to WT
(Fig. 5.5 B). This would suggest that ICOS is required for the proliferation of differentiated
Tfh cells during H. polygyrus infection. The delayed reduction in the rate of Tfh proliferation
was similar to the pattern of delayed expansion in the proportion of Tfh seen in H.
polygyrus infected ICOS™ mice. Taken together, these data suggest that the initial
expansion of pre-Tfh takes place independently of ICOS but once these early Tth cells
differentiate and commit to the Tfh lineage they switch to a dependency on ICOS for

proliferative capacity.
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5.5 During H. polygyrus infection early Tfh proliferation is independent of ICOS, but
ICOS is essential for continued Tfh proliferation. WT and ICOS™ mice were infected
with H. polygyrus and the percentage of CD4* CXCR5" PD-1" cells positive for BrdU in the
MLN was measured at d 7, 10 and 14. Percentage of BrdU" cells within the CD4* CXCR5*
PD-1" population in the MLN at d 7 (A), d 10 (B). Data points represent individual mice and
bars show median values. Open circles denote naive WT mice and closed circles denote
H .polygyrus infected WT mice. Open squares denote naive ICOS” mice and closed
squares denote H. polygyrus infected ICOS” mice. § = significant increase due to
infection. * p= < 0.05 Mann Whitney test. Panels are representative of three separate
experiments.

5.6 Tfh IL-4 production is independent of ICOS

In the absence of ICOS the H. polygyrus induced expansion of Tfh was severely impaired
and this was associated with reduced IL-4 in the MLN. Therefore, a reduced proportion of
IL-4 secreting Tfh could account for the reduction in MLN IL-4 levels, but ICOS signals
could also act in a cell intrinsic manner to promote Tfh cell IL-4 production. Therefore, to
determine if Tfh require ICOS for IL-4 production, we measured the proportion of IL-4"
cells within the CXCR5'PD-1"CD4" T cell population from H. polygyrus infected WT and
ICOS™ mice by flow cytometry. Taken as a percentage of the CXCR5"PD-1* population,
IL-4 production from CXCR5'PD-1" was increased at d 7 of H. polygyrus infection in both

WT and ICOS™ mice (Fig. 5.6 A). Similarly, at d 14 of H. polygyrus infection the proportion
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of CXCR5'PD-1" Tth positive for IL-4 was increased in both WT and ICOS™ mice (Fig. 5.6
B). This preliminary data suggests that ICOS is not required for IL-4 production by Tfh
cells, and that the reduced type 2 response in ICOS™ mice is due to the reduced

proportion of Tfh.
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5.6 Tfh IL-4 production is independent of ICOS. WT and ICOS™ mice were infected with
H. polygyrus and the percentage of CD4*CXCR5*PD-1* cells positive for IL-4 in the MLN
was measured at d 7 and d 14. Percentage of IL-4* cells within the CD4*"CXCR5" PD-1*
population in the MLN at d 7 (A) and d 14 (B). Data points represent individual mice and
bars show median values. Open circles denote naive WT mice and closed circles denote
H. polygyrus infected WT mice. Open squares denote naive ICOS” mice and closed
squares denote H. polygyrus infected ICOS” mice. § = significant increase due to
infection. * p= < 0.05 Mann Whitney test. Panels show one experiment.

5.7 Addition of WT effector T cells into ICOS™ recipient mice

Through its effects on Teff and Treg, ICOS drives both positive and negative immune
responses, and in ICOS deficient mice both regulatory and effector responses are
impaired. To properly investigate the consequences of Foxp3™ Treg ICOS deficiency on
ICOS sufficient Th2 effector cells requires the generation of mixed bone marrow

3°RE mice. To

chimaeras or of a floxed ICOS mouse to be used with current Foxp
preliminarily address this question, we sought to provide a source of WT ICOS sufficient

Foxp3  CD4" T cells for recipient ICOS” mice. Thus, Ly5.1* GFP~ ICOS*"* Teff cells from
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Foxp3 GFP reporter mice were FACS sorted and transferred into ICOS™ recipients. One
day after transfer, recipient mice were infected with H. polygyrus and autopsied at day 28
of infection. Unfortunately, the donor population did not expand so that only a small
proportion of the donor cells were detectable on autopsy (Fig. 5.7 A) and these cells did
not produce IL-4 (Fig. 5.7 B & C) suggesting that they were not parasite specific. Given
that only a small proportion of donor WT Teff survived in ICOS™ recipient mice and they
were not responding to the parasite, it was not unexpected that there was no impact on

resistance to H. polygyrus infection (Fig. 5.7 D & E).
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5.7 Addition of WT effector T cells into ICOS™ recipient mice. Ly5.1"Foxp3™ cells
FACS sorted from Foxp3°" mice were transferred into ICOS™ mice (ICOS™ + WT Teff),
which were subsequently infected with H. polygyrus. As a control WT and ICOS™ mice
were infected with H. polygyrus. At d 28 of infection, mice were autopsied and the
percentage of Ly5.1* (A), and CD4"IL-4* cells (B) in the MLN were measured by flow
cytometry. (C) Representative FACS plots showing Ly5.1 versus IL-4. (D) Parasite
burdens were assessed at d 28 and and the number of H. polygyrus eggs in the faeces
were quantified at d 21. Data points represent individual mice and bars show median
values. Closed circles denote H. polygyrus infected WT mice, closed squares denote H.
polygyrus infected ICOS™ mice, closed triangles denote H. polygyrus infected ICOS™ +
WT Teff mice.
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5.8 Discussion

Alongside its role in driving Foxp3® Treg responses, ICOS co-stimulation was also required
for optimal lymph node type 2 responses during H. polygyrus infection. Indeed, ICOS
deficiency has previously been associated with impaired Th2 cytokine production within
secondary lymphoid tissue (201, 203, 218). Interestingly, recent work indicates this may
be predominantly due to the loss of ICOS dependent IL-4 secreting Tth cells (233, 301,
303), and there is evidence that ICOS-ICOS-L interactions are not necessary for T cell IL-4
production (218, 302). IL-4 competent CD4" T cells commit to the Tfh lineage and enter
the follicles between d 6 — 10 of L. major infection (301), and within this time frame (d 7 of
H. polygyrus infection) we found IL-4 production by MLN CD4" T cells was indeed
unaffected by ICOS deficiency. Cells of the Tfh lineage can be further subdivided into
interfollicular zone pre-Tfh (305-307), and the later arising germinal centre resident Tfh
(230, 308). Of these two Tth subsets, only the GC resident Tfh are capable of producing
IL-4 (308), which suggests that the early source of IL-4 during H. polygyrus infection is Th2
cells and not pre-committed Tfh cells. That early MLN type 2 cytokines were unaffected by
the absence of ICOS suggests that ICOS is not required for the initial Th2 priming events,
and is in keeping with the hypothesis that conventional Th2 cells can produce IL-4

independently of ICOS.

Most significantly, in H. polygyrus infected ICOS™ mice the loss of MLN IL-4 protein
occurred at later time points following the failure of MLN CXCR5" Tfh cells to expand,
suggesting that ICOS signalling contributes to MLN Th2 cytokines primarily through IL-4
secreting Tfh cells. The failed expansion of CXCR5" Tfh cells was accompanied by a
reduction in the proportion of BrdU* Tfh, and although BrdU uptake is principally used to
measure proliferation, the loss of BrdU™ Tfh* cells in the absence of ICOS could also
reflect death of Tfh, or result from fewer cells committing to the Tfh lineage. In support of

commitment, it has been shown that ICOS signalling at the time of T cell priming by DCs
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promoted up-regulation of the transcription factor Bcl-6 which is crucial for Tfh
differentiation (230). ICOS is also important for the Tfh signature cytokine IL-21 (309), and
IL-21 is required to maintain the number of Tfh as well as enhancing Tfh cell formation
(228, 310, 311). Thus, ICOS signalling could act indirectly through IL-21 to promote both
differentiation and survival of Tfh during helminth infection. Interestingly, although the
reduced proportion of Tfh could explain the low IL-4 levels in the MLN of ICOS™ mice, on a
per cell basis ICOS was not required for Tfh IL-4 production. This contrasts with in vitro
data in which ICOS augmented IL-4 production under type 2 polarising conditions (212).
However, recent data suggests that regulation of IL-4 production in Tfh is distinct from
conventional Th2 cells (312). In Tfh, IL-4 production was strictly dependent on a 3’
enhancer in the IL-4 locus known as hypersensitivity site V (HSV), whereas Th2 cells were
far less dependent on HSV for IL-4 (312). This would suggest that ICOS signalling could
have differential effects on different Th subsets depending on the particular downstream

transcriptional program of the Th cell.

Whether IL-4 secreting Tfh and conventional CXCR5™ Th2 cells represent distinct T cell
lineages, or if IL-4 secreting Tfh simply represent differentiating Th2 cells interacting with B
cells prior to migration to the effector site is somewhat controversial but mounting evidence
suggests that they are indeed distinct lineages. For example, in mice infected with N.
brasiliensis, IL.-4* T cells from the lungs produce much less of the Tfh signature cytokine
IL-21 when activated than IL-4™ T cells from the draining lymph node (301). This does not
exclude the possibility that IL-4*IL-21"°" lung T cells do not represent Tfh that have
migrated from the LN and switched off IL-21 production following differentiation into
effector Th2 cells. However, Tfh cell appear to retain their phenotype in vivo because IL-4
secreting cells isolated from the lungs, but not IL-4 secreting cells from the lymph node,
are able to recruit eosinophils to the lung following adoptive transfer into I1L-4/IL-13 dual

deficient mice infected with N. brasiliensis, a process which is uniquely dependent on
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conventional Th2 cells. Therefore, IL-4 producing T cells in the lymph node are
phenotypically and functionally distinct from peripheral Th2 cells and have the cardinal
characteristics of Tfh (301). Indeed, if Tfh were not a distinct lineage and simply
represented a stage in the differentiation of Th2 cells, then the ICOS dependent Tfh
deficiency would be predicted to impact Th2 responses both in the MLN and site of

infection.

Importantly, at the infection site, in the absence of Tfh cells, we found that ICOS deficiency
actually led to an increased percentage of CD4" T cells producing IL-4 and IL-13 protein,
suggesting that Tfh cell are indeed distinct from Th2 cells. Thus, in contrast to IL-4-
secreting CXCR5" Tth cells, not only are Th2 effector cell responses efficiently generated
in ICOS™ mice, it appears that ICOS is in fact involved in suppressing Th2 cell effector
responses at the infection site. Foxp3"™ Tregs accounted for the majority of CD4" T cell
derived IL-10 within the LP (Fig 4.8 A), even though Foxp3™ Treg functions in H. polygyrus
infection are reported to be IL-10 independent (88, 143). IL-10 and adaptive Foxp3® Tregs
are known to suppress Th2 cytokine production at mucosal surfaces (205, 313, 314), and
so the increased Th2 responses seen within the LP of H. polygyrus infected ICOS™ mice

may be a consequence of functionally impaired Foxp3™ Tregs.

Within the intestinal tissue, IHCs are amongst the first cells of the immune system to
respond to helminth infection and produce Th2 cytokines (219). In the absence of ICOS
the IL-25 induced expansion of IL-13 producing IHCs was normal. This suggests that early
innate type 2 immune responses, which help to augment the adaptive type 2 response, do
not require ICOS co-stimulation, further indicating that early type 2 immune priming is
independent of ICOS. The functional significance of ICOS expression by IHCs remains to
be identified but it is possible that ICOS aids the survival of IHC because it has a similar
role in promoting the survival of innate NKT cells (271). Furthermore, IHCs depend on IL-7

for survival (219) and ICOS regulates IL-7R expression on Foxp3® Tregs, suggesting that
147



ICOS could increase IHC sensitivity to IL-7 signalling. Future experiments should aim to

quantify the rate of apoptosis in ICOS™ IHCs.

My data suggests that the effects of ICOS co-stimulation on type 2 immunity are tissue
specific, such that reduced type 2 cytokines in the MLN are countered by increased type 2
responses in the LP. The difference in the magnitude of the Th2 response between the
two sites could potentially explain why ICOS deficiency did not alter protection to H.
polygyrus infection. Accordingly, ICOS has also been shown to be dispensable for
protective immunity to a number of other helminths, even though reduced LN Th2
responses were reported. For example, immunity to N. brasiliensis, which is strictly
dependent on IL-4R signalling (315), was independent of ICOS despite contracted type 2
responses (201). In addition, blockade of ICOS had no effect on T. spiralis parasite
numbers regardless of reduced IL-4 (218), and ICOS” mice are able to expel T. muris,
albeit with delayed kinetics, in spite of attenuated type 2 immunity (203). Alleviated
suppression at mucosal surfaces and subsequently enhanced type 2 immunity at the site
of parasite infection (countered by the reduced LN type 2 response) could also account for

these findings.

As ICOS is implicated in both negative and positive immune responses it was difficult to
dissect its effects on Foxp3™ Treg suppression of the anti-parasite type 2 response. In the
absence of a floxed ICOS mouse, or bone marrow chimeras, we sought to populate ICOS”
" mice with congenically marked ICOS-sufficient Foxp3™ WT Teff to investigate the
consequences of Foxp3™ Treg ICOS deficiency on WT Th2 effector cells. Unfortunately,
only a small number of transferred cells were detectable at day 28, and there was no
increase in the Th2 response in mice receiving WT Teff. Expansion of transferred cells
was probably limited by competition from host effector cells. It would have been possible

to reconstitute RAG mice with WT Teff and ICOS™ Treg distinguished by expression of

CD25. This would suffer from contaminating Foxp3® cells in both CD25" and CD25
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3% mice to isolate

populations and a better system would be to generate ICOS” Foxp
ICOS™ Foxp3* Treg. However, using transferred ICOS™ Foxp3* Treg and WT Foxp3™ Teff
would only limit ICOS deficiency to natural Foxp3* Treg because Helios” Foxp3™ adaptive
Treg could arise from the transferred WT Teff population, and adaptive Foxp3® Treg
dominated the intestinal Foxp3® Treg response to H. polygyrus. Indeed, the proper

characterisation of the effects of ICOS on Treg Th2 suppression awaits the development

of a mouse with a Foxp3™ Treg specific ICOS deletion.

Thus, in addition to its novel role in driving Treg responses during H. polygyrus infection,
ICOS is also highly important for the generation of lymph node IL-4 secreting Tfh, but acts
to downregulate conventional CXCR5™ Th2 responses at the site of infection. This finding
potentially explains why previous studies have demonstrated that ICOS is important for LN
type 2 responses during helminth infection, whereas Th2 immunity at the site of helminth
infection is not dependent on ICOS co-stimulation. Despite reduced lymph node IL-4,
ICOS deficiency did not alter susceptibility to H. polygyrus infection, possibly as a result of
decreased regulation and increased Th2 cytokines at the infection site itself. As ICOS
controls both positive and negative immune responses and can have opposing roles
depending on location, an understanding of the consequences of these contradictory

effects will be important when considering targeting ICOS therapeutically.

Summary
= |COS deficiency does not impact resistance to H. polgyyrus infection.
= Atday 7 the MLN type 2 response to H. polygyrus infection is independent of ICOS.
= Post-day 7, ICOS signalling contributes to the generation and maintenance of IL-4
producing Tfh in the local lymph node following H. polygyrus infection.

= |COS acts to down-regulate Th2 responses at the site of H. polygyrus infection.
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Chapter 6. Does early S. mansoni infection elicit a Foxp3* Treg response?
6.0 Introduction

Foxp3® Treg are activated and suppress Th2 responses controlling immunpathology
during the egg-phase phase of S. mansoni infection (16, 85, 148), but little is known of
their role and induction in the early larval lung transit phase. The outcome of long-term
helminth infection may be determined in the first weeks of infection by the character of the
initial immune response. Indeed, in both filarial and intestinal nematode infection, early
expansion and activation of Foxp3® Treg assuages late stage effector immunity to the
detriment of host protection (15). Thus, nematode infections bias early immune responses
toward regulation to benefit their own survival, but it is not known if the trematode parasite
S. mansoni also induces early Foxp3®™ Treg responses to increase its fitness. IL-6
deficiency leads to enhanced Th2 responses and increased protective immunity to lung
stage S. mansoni larvae (316), and new data suggests the absence of IL-6 can impair
Foxp3™ Treg function during H. polygyrus infection (Dr Katherine Smith, Dr Rick Maizels,
submitted manuscript), potentially implicating Foxp3* Treg in the suppression of protective

Th2 responses to S. mansoni larvae in the lungs.

The immune mechanisms underlying host resistance to S. mansoni infection are poorly
understood, and those mechanisms that have been speculated to be important for
resistance were characterised during secondary infection of animals vaccinated with
irradiated S. mansoni cercariae. In this regard, protective immunity to challenge infection is
proposed to manifest in the lung (317). Radiation attenuation prolongs cercarial transit
through the skin allowing priming of Th1 responses in the local lymph nodes (318), so that
following challenge infection, CD4" T cells with a Th1 phenotype are rapidly recruited to
the lung parenchyma (319, 320) where they initiate focal aggregates of mononuclear cells

through IFN-y production (321). It is thought that these inflammatory foci represent a
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physical barrier to the migration of lung stage schistosomula, rather than exhorting an
acute lethal hit (26). In the absence of IL-10, inflammatory aggregates in the lung are
increased resulting in a lower number of recovered challenge parasites, suggesting that
protective immunity to S. mansoni larvae in the lung is diminished by the suppressive
cytokine IL-10 (322). At the tissue site of H. polygyrus infection, Foxp3™ Treg were the
main source of IL-10, and Foxp3® Treg IL-10 production was strictly ICOS dependent.
Although Foxp3™ Tregs are not thought to be the dominant source of IL-10 during egg-
stage S. mansoni infection (85, 87), it is not known if Foxp3* Treg are an important source
of IL-10 in the lungs during early S. mansoni infection. Further, the T cell requisite on ICOS
for IL-10 production (205, 234, 236) suggests that ICOS contributes to susceptibility to S.
mansoni infection through suppression of protective immunity by IL-10. Whether ICOS

deficiency renders mice more resistant to S. mansoni infection has not been investigated.

During the egg phase of S. mansoni infection, the Th2 immune response functions to
protect the host liver from the damaging egg toxins, rather than bring about parasite
expulsion (30). This is achieved through formation of granulamatous collagenous lesions
containing macrophages, eosinophils and CD4" T cells, which surround the individual
eggs. (8) Th2 cytokines also serve to suppress host detrimental Th1 polarised
inflammatory responses to egg antigens (30). However, exuberant Th2 effector immunity
can also be deleterious to the host, resulting in uncontrolled immune-pathology if not kept
in check (16, 85, 148). The suppressive effect of Treg in this context is IL-10 independent
(85), although IL-10 from other sources, such as Foxp3™ Th2 cells, and possibly Tr1 like
cells, can contribute to the regulation of egg-induced immune granulomas (87, 323). We
demonstrated in chapter 3 that ICOS promotes expansion of Foxp3™ Treg numbers during
egg phase S. mansoni infection, and that both Foxp3® and Foxp3™ T cells require ICOS for
optimal IL-10 production (Fig 4.9 A-D). Furthermore, previous work has shown that

blockade of ICOS at the onset of egg-laying results in larger hepatic granulomas (241).
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Thus, the ICOS pathway is implicated in the regulation of hepatic immunopathology during
S. mansoni infection. However, in the preceding chapter we saw that alongside its role in
Foxp3* Treg responses, ICOS drives Th2 cytokine production through its effects on IL-4
secreting Tfh, and Tfh cells are also an important source of IL-4 during S. mansoni
infection (233). Thus, ICOS may play contradictory roles in egg induced granuloma

formation, promoting both regulatory and effector immune responses.
Chapter Aims

» Do S. mansoni parasites induce an early Foxp3® Treg immune response to aid their
survival?

= Does ICOS co-stimulation contribute to the suppression of protective immune
responses in the lungs through IL-10 and/or Foxp3* Treg?

= Does ICOS deficiency lead to more severe hepatic immune pathology due to a lack

of Foxp3™ Tregs during the acute egg-phase of S. mansoni infection?
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Results

6.1 Schistosomula lung transit does not induce expansion of Foxp3* Treg

Early larval stage L. sigmodontis infection induces a dominant Foxp3™ Treg response (15),
and immune regulation is a common feature of early stage of Gl nematode infection (31,
32). Although Foxp3® Tregs have been shown to control pathology during the egg phase
of S. mansoni infection (85), it is not known if Foxp3* Tregs play a role in immunity to early
stage S. mansoni larvae transiting the lung. In addition, because ICOS was required for
optimal early Foxp3* Treg responses to H. polygyrus infection, we hypothesised that ICOS
would also be important for Foxp3® Treg during early S. mansoni infection. To address this
issue, we infected C57BL/6 WT and ICOS™ mice with 70 S. mansoni cercariae and
measured Foxp3 responses in the lungs and thoracic lymph nodes at d 7, 14 and 21 of
infection to span the time frame of S. mansoni larvae transit through the lungs (24).
Interestingly, throughout this period, there was no difference in the percentage of CD4" T
cells expressing Foxp3 in the lungs between naive and S. mansoni infected WT mice (Fig.
6.1 A & B). Although there was a trend for an increase in the absolute numbers of Foxp3*
cells in the lungs of infected mice this did not reach statistical significance (Fig. 6.1 C).
Similar to the lungs, in the tLN the percentage of Foxp3® CD4" T cells was unchanged by
S. mansoni infection (Fig. 6.1 D), and whilst the numbers of Foxp3* cells trended towards
an increase this was not of statistical significance (Fig. 6.1 E). Like in WT mice, in ICOS
deficient mice, despite lower proportions of Foxp3® Treg, as previously noted (207), there
was no change in the percentage or numbers of Foxp3*™ CD4" T cells in the lungs or tLN in
response to S. mansoni infection (Fig. 6.1 B-E). Therefore, in contrast to other helminth
infections, early stage S. mansoni infection does not induce expansion of Foxp3™ Treg in

the infected tissue site or local lymph node.
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Figure 6.1. Schistosomula lung transit does not induce expansion of Foxp3® Treg.
C57BL/6 WT and ICOS” mice were infected with 70 S. mansoni cercariae and Foxp3
responses were measured in the lung and tLN at d 7, 14 and 21 of infection. (A)
Representative FACS plots showing percentage of Foxp3* cells within the CD4" population
in the lung. (B) Percentage and (C) number of Foxp3* cells within the CD4" population in
the lung. (D) Percentage and (E) number of Foxp3™ cells within the CD4* population in the
tLN. Data points represent individual mice from three separate experiments, and bars
show mean values. Open circles denote naive WT mice and closed circles denote S.
mansoni infected WT mice. Open squares denote naive ICOS™ mice and closed squares
denote S. mansoni infected ICOS™ mice.
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6.2 Foxp3" Treg do not proliferate following challenge with S. mansoni larvae

Early Foxp3™ Treg expansion is associated with increased proliferation in H. polygyrus (Fig
4.4 A) and L. sigmodontis infection (15). To test if Foxp3™ Treg proliferation is induced in
response to schistosomula lung passage, we administered BrdU to S. mansoni infected
WT and ICOS™ 1 d prior to autopsy on d 7, 14 and 21 pi and measured the percentage of
labeled Foxp3® cells in the lungs and tLN by flow cytometry. In both the lungs and tLN of
S. mansoni infected mice, there was no increase in the proportion of BrdU* Foxp3™ T cells
when compared to naive controls (Fig. 6.2 A & B). As previously noted, ICOS had no
influence on the rate of Foxp3® Treg proliferation. Thus, consistent with no change in the
numbers of Foxp3® Treg, Foxp3® Treg do not proliferate in response to early S. mansoni

infection.
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Figure 6.2. The rate of Foxp3® Treg proliferation is unaffected by S. mansoni larvae
lung passage. C57BL/6 WT and ICOS™ mice were infected with 70 S. mansoni cercariae
and given 1mg of BrdU 24 hours prior to autopsy. At d 14 of infection the percentage of
BrdU* cells within the Foxp3* population was measured in the lungs (A) and tLN (B). Data
points represent individual mice and bars show mean values. Open circles denote naive
WT mice and closed circles denote S. mansoni infected WT mice. Open squares denote
naive ICOS™ mice and closed squares denote S. mansoni infected ICOS” mice. Panels
are representative of two separate experiments.

6.3 Ratio of Foxp3*Helios® to Foxp3*Helios cells remains constant throughout S.

mansoni larval lung transit

The rapid increase in Foxp3™ Treg during early stage L. sigmodontis infection argues for
expansion of pre-existing natural Foxp3™ Tregs (15), whereas the expansion of Foxp3”
Tregs at the site of H. polygyrus infection was dominated by adaptive Foxp3*Helios™ Treg,
although both natural and adaptive Foxp3® Treg expanded in the MLN. To test if the ratio
of natural to adaptive Foxp3* Treg was altered at the tissue site and reactive LN of early S.
mansoni infection, we measured Foxp3 and Helios expression in lung and tLN CD4" T
cells on d 14 pi by flow cytometry. Following S. mansoni infection, there was no change in

the proportion of CD4"TCR*Foxp3*Helios™ or Foxp3*Helios™ cells in the lungs (Fig. 6.3 A &
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B) or tLN (Fig. 6.3 C) suggesting that lung transiting S. mansoni larvae do not

preferentially induce a natural or an adaptive Foxp3™ Treg response.
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Figure 6.3. Ratio of Foxp3'Helios® to Foxp3’Helios  cells remains constant
throughout S. mansoni larval lung transit. C57BL/6 WT and ICOS™ mice were infected
with 70 S. mansoni cercariae and the proportion of Foxp3* and Helios®™ cells within the
CD4" T cell population were measured in the lung and tLN at d 14 of infection. (A)
Representative FACS plots showing Foxp3 versus Helios in the lung. (B) Percentage of
Foxp3*Helios® and Foxp3*Helios™ cells within the CD4" population in the lung. (C)
Percentage of Foxp3*Helios* and Foxp3* Helios™ cells within the CD4" population in the
tLN. Data points represent individual mice and bars show median values. Open circles
denote naive WT mice and closed circles denote S. mansoni infected WT mice. Open
squares denote naive ICOS™ mice and closed squares denote S. mansoni infected ICOS™
mice. Panels are representative of two separate experiments.

6.4 Lung Foxp3"' Treg increase CD103 expression, but not CD25, during early S.

mansoni infection.

During the egg-phase of S. mansoni infection, the proportion of Foxp3® cells in the liver
and spleen remains relatively constant. However, these Foxp3® Treg are in a heightened

state of activation denoted by increased expression of CD103 and CD25, and the
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activated phenotype is associated with enhanced suppression of immunity (31, 32).
Similar to the egg-phase, our own observations showed that the proportion of Foxp3™ Treg
was unaltered during the larval stage of S. mansoni infection, but it is possible that the
Tregs present were in a heightened state of activation. Therefore, in order to determine if
Foxp3* Treg are activated during the early stage of S. mansoni infection, we measured
CD103 and CD25 expression on Foxp3™ cells in the lungs and local lymph node at wk 2 of
S. mansoni infection. Low cell numbers in the lungs and tLN prevented us from measuring
a more extensive panel of Treg activation markers. Notably, similar to late stage S.
mansoni infection, Foxp3™ Treg in the lung increased expression of CD103 suggesting
increased activation (Fig. 6.4 A & B). However, there was no increase in the percentage of
Foxp3® Treg expressing CD25 (Fig. 6.4 C). These data suggest that early S. mansoni
infection induces an increase in Foxp3™ Treg with an activated phenotype. Thus, despite
the lack of Foxp3® Treg expansion, there is some indication that Foxp3™ Treg are activated
during early S. mansoni infection, which could suggest a Foxp3™ Treg response but one

much more subtle in nature than in other helminth infections.
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Figure 6.4. Lung Treg increase CD103 expression, but not CD25, during early S.
mansoni infection. C57BL/6 WT and ICOS™ mice were infected with 70 S. mansoni
cercariae and the expression of CD103 and CD25 by Foxp3*CD4" T cells in the lung was
measured at d 14 of infection. (A) Representative FACS plots showing Foxp3 versus
CD103 in the lungs at d 14 of S. mansoni infection of WT and ICOS™ mice. (B) Graph
showing percentage of CD4'Foxp3* cells expressing CD103 in the lung. (C) Graph
showing percentage of CD4*Foxp3* cells expressing CD25 in the lung. Data points
represent individual mice and bars show median values. Open circles denote naive WT
mice and closed circles denote S. mansoni infected WT mice. Open squares denote naive
ICOS” mice and closed squares denote S. mansoni infected ICOS™ mice. § denotes
significant increase on infection. Panels are representative of two separate experiments.

6.5 Foxp3* Tregs are not a major source of IL-10 in the early stage of S. mansoni

infection

The suppressive cytokine IL-10 has been shown to inhibit protective immunity following

vaccination with attenuated S. mansoni cercariae (87, 322). The main source of IL-10 was
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shown to be a population of T cells expressing CD25 (87). At the site of H. polygyrus
infection, Foxp3®™ Tregs were a major source of IL-10 and this was dependent on ICOS
signalling. However, during the egg-stage of S. mansoni infection Foxp3™ Treg are not the
most prominent source of IL-10 (85, 87), but whether Foxp3™ Tregs produce IL-10 during
early S. mansoni infection has not been investigated. To ask if Foxp3" Tregs were also
important producers of IL-10 during early S. mansoni infection, and to investigate the
contribution of ICOS co-stimulation to IL-10 production from these cells, we infected WT
and ICOS™ mice with 70 S. mansoni cercariae and co-stained CD4" T cells for Foxp3 and
IL-10 by flow cytometry at d 14 of infection. Unfortunately, due to low cell numbers from
the lung homogenates, our analysis was restricted to the tLN and the spleen. In both the
tLN and spleen, there was no increase in the percentage of Foxp3™ cells expressing IL-10
upon infection (Fig. 6.5 A & B). This would suggest that Foxp3™ Treg are not a major
source of IL-10 during early S. mansoni infection. In contrast to the Foxp3® population,
there was a small trend for an increase in the percentage of Foxp3'CD4" T cells producing
IL-10 in both the tLN and spleen (Fig. 6.5 C & D), which could suggest that effector T cells,

or possibly Tr1 cells, produce IL-10 in the larval stage of S. mansoni infection.
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Figure 6.5.Foxp3" Tregs are not a major source of IL-10 in the early stage of S.
mansoni infection. C57BL/6 WT and ICOS™ mice were infected with 70 S. mansoni
cercariae and the proportion of IL-10"Foxp3*CD4* T cells was measured in the spleen and
tLN at d 14 of infection. Percentage of IL-10" cells within the CD4"Foxp3* population in the
tLN (A) and spleen (B). Percentage of IL-10" cells within the CD4*Foxp3” population in the
tLN (C) and spleen (D). Data points represent individual mice and bars show median
values. Open circles denote naive WT mice and closed circles denote S. mansoni infected
WT mice. Open squares denote naive ICOS™ mice and closed squares denote S. mansoni
infected ICOS™ mice. Panels are representative of two separate experiments.

6.6 Blockade of ICOS during early S. mansoni infection reduces IL-10 from CD25" T

cells in the lung, which is associated with increased lung CD4" T cell IFN-y

Because low lung cell numbers prevented us from measuring Foxp3 and IL-10 by
intracellular cytokine staining at this site, to try and measure lung T cell IL-10 we infected

IL-10 GFP reporter mice (Tiger mice) with 70 S. mansoni cercariae and treated them with
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an anti-ICOS Ab or IgG control and measured GFP expression in the lungs at d 14 of
infection. In this particular experiment we recovered sufficient cells for intracellular cytokine
analysis so this was performed alongside GFP detection. In the lungs, at d 14 pi, there
was a significant increase in the percentage of CD25"CD4" T cells expressing GFP (Fig.
6.6 A), suggesting that infection induced an increase in lung CD25" T cell IL-10. Blockade
of ICOS had no effect on the percentage of CD25°CD4" T cells expressing GFP (Fig. 6.6
A). In keeping with previous reports (319, 320), the proportion of IFN-y"CD4" T cells in the
lungs increased due to infection, and this was further augmented by ICOS blockade,
suggesting that ICOS acts to downregulate lung CD4" T cell IFN-y (Fig. 6.6 B). Infection
also induced an increase in the percentage of IL-4" CD4" T cells in the lung but this was
unaffected by treatment with anti- ICOS Ab (Fig. 6.6 C). Therefore, these preliminary data
suggest during early S. mansoni infection, CD25" T cells are a source of IL-10 in the

lungs, and that ICOS signalling downregulates lung T cell Th1 cytokine production.
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Figure 6.6. Blockade of ICOS during early S. mansoni infection reduces Treg IL-10 in
the lung, which is associated with increased lung CD4* T cell IFN-y. |L-10GFP mice
were infected with 70 S. mansoni cercariae and treated with an anti-ICOS Ab or IgG
control and GFP expression and cytokine responses in the lung were measured by flow
cytometry. (A) The percentage of CD4" CD25" cells expressing GFP in the lungs at d 14 of
infection. (B) Percentage of IFN-y* CD4" cells and (C) IL-4" CD4" cells in the lungs at d 14
of infection. Open circles denote naive IL-10GFP mice. Closed circles denote S. mansoni
infected IL-10GFP mice treated with IgG Ab and closed squares denote S. mansoni
infected IL-10GFP mice treated with anti-ICOS Ab. * p= < 0.05 Mann Whitney test.

6.7 ICOS deficiency leads to delayed migration of S. mansoni larvae but does not

affect susceptibility to infection.

T cell IFN-y production in the lung is associated with protection during challenge infection
of vaccinated mice (320, 321, 324), and ICOS was shown to downregulate T cell IFN-y
during primary infection. Moreover, ICOS is associated with T cell IL-10 production, and IL-
10 impedes blockade of S. mansoni larval lung passage (322). Therefore, we
hypothesised that lung transit of S. mansoni parasites would be impaired in ICOS™ mice.
To test this we recovered S. mansoni larvae from infected WT and ICOS™ mice via hepatic
perfusion at wk 2 and wk 3 of infection. In order to recover enough S. mansoni larvae to
account for variation and allow statistical analysis, mice were hyper-infected with 200 S.

mansoni infective cercariae. In these experiments, at wk 2 of infection we consistently
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detected significantly fewer S. mansoni larvae in ICOS” mice when compared to WT (Fig.
6.7 A). However, by wk 3 of infection the numbers of S. mansoni larvae in WT and ICOS™
mice were similar (Fig. 6.7 B) suggesting that ICOS deficiency delayed migration of S.
mansoni larvae. By wk 8 of infection there was no difference in the number of adult S.
mansoni parasites between WT and ICOS™ mice (Fig. 6.7 C), and no difference in the
number of S. mansoni eggs in the liver (Fig. 6.7 D). Thus, ICOS deficiency affects the
early immune response in such a way that S. mansoni migration is delayed, possibly as a

result of increased lung IFN-y, but this was not sufficient to kill the migrating larvae.
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Figure 6.7. ICOS deficiency leads to delayed migration of S. mansoni larvae but
does not affect susceptibility to infection. (A & B) C57BL/6 WT and ICOS™ mice were
infected with 200 S. mansoni cercariae and the numbers of schistosmula were
enumerated at wk 2 and wk 3 of infection respectively. (C) C57BL/6 WT and ICOS™ mice
were infected with 70 S. mansoni cercariae and the numbers of adult parasites were
enumerated at wk 8 of infection. (D) C57BL/6 WT and ICOS™ mice were infected with 70
S. mansoni cercariae and the numbers of eggs in the liver were counted at wk 6 and wk 8
of infection. Closed circles denote S. mansoni infected WT mice and closed squares
denote S. mansoni infected ICOS™ mice. Panels show combined data from two separate
experiments. * = p < 0.05 t-test.

6.8 S. mansoni egg-induced hepatic immunopathology is unaltered by ICOS

deficiency

Previous evidence suggests that antibody blockade of ICOS at the onset of S. mansoni

egg laying results in larger egg-induced granulomas, and this was associated with reduced
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hepatic IL-10 (241). To confirm these observations in ICOS deficient mice, and to
investigate the mechanisms underlying regulation of egg-induced immune pathology, we
measured the area of egg-induced granulomas in the livers of wk 8 S. mansoni infected
WT and ICOS™ mice. Surprisingly, in contrast to the previous report (241), there was no
difference in the size of egg-induced granulomas between WT and ICOS deficient mice
(Fig. 6.8 A). This suggests that, despite the reduced Foxp3® Treg responses of S. mansoni
infected ICOS™ mice (Fig. 3.4 A & B) ICOS is not required for the control of hepatic egg-

induced immunopathology.
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Figure 6.8. S. mansoni egg-induced hepatic immunopathology is unaltered by ICOS
deficiency. C57BL/6 WT and ICOS™ mice were infected with 70 S. mansoni cercariae and
autopsied at wk 8 of infection. Liver sections were stained with H & E and the area of
immune infiltrate surrounding individual eggs was measured using a compound
microscope and Leica analysis software. (A) Representative images of H & E stained
granulomas. Scale bar = 200 um. (B) Area in um? of hepatic granulomas. Closed bar
denotes S. mansoni infected WT mice and open bar denotes S. mansoni infected ICOS™
mice.

6.9 Th2 cytokines in late stage S. mansoni infection are intact in the absence of

ICOS

Foxp3® Treg control hepatic immunopathology through suppression of exuberant Th2
responses (85). In the absence of ICOS, Foxp3® Treg responses during late stage S.
mansoni infection were impaired but immunopathology was unaffected. In the previous
chapter we saw that during H. polygyrus infection ICOS promoted type 2 responses in the
MLN through IL-4 secreting Tfh, but acted to downregulate type 2 cytokines at the
infection site, highlighting the role of ICOS in both positive and negative immune
responses. To ask if ICOS co-stimulation also drives type 2 immune responses following
S. mansoni infection, we infected WT and ICOS™ mice with 70 S. mansoni cercariae and

measured CD4" T cell cytokines in the spleen and liver via flow cytometry. At wk 6 of

168



infection, the proportion of splenic CD4" IL-4" and IL-13" T cells was increased in both WT
and ICOS™ mice to a similar level, which suggests that ICOS is not required for the early
egg-stage type 2 response (Fig. 6.9 A & B). At wk 8 of infection, there was no difference in
the proportion of splenic IL-13" T cells between WT and ICOS™ mice (Fig. 6.9 D).
However, at this stage of infection the proportion of IL-4™ T cells was significantly lower in
ICOS™ mice than WT (Fig. 6.9 C), suggesting that ICOS is required for T cell IL-4 during
the acute egg-phase. Similar to H. polygyrus infection, the reduction in splenic IL-4 in
ICOS™ mice was co-incident with a failure of expansion of CXCR5" CD4" T cells (Fig. 6.9
E), indicating that the reduced IL-4 was due to fewer IL-4 secreting Tfh cells. In the liver,
there was no difference in the proportion of IL-4" or IL-13" CD4" T cells between WT and
ICOS™ mice (Fig. 6.9 F-H) suggesting ICOS is not required for Th2 cytokines in the liver.
Therefore, the lack in change in the level of Th2 cytokines could explain why ICOS
deficiency had no effect on hepatic immunopathology, and further suggests that other

mechanisms must compensate for the decreased Foxp3™ Tregs and IL-10.
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Figure 6.9. Type 2 cytokines in late stage S. mansoni infection are intact following
ICOS deficiency WT and ICOS™ mice were infected with 70 S. mansoni cercariae and the
percentage of CD4"TCR*IL-4" and IL-13" cells in the spleen and liver was measured by
intracellular flow cytometry. (A & B) Percentage of IL-4" and IL-13" cells within the
CD4*"TCR" population in the spleen at wk 6. (C & D) Percentage of IL-4" and IL-13" cells
within the CD4*TCR" population in the spleen at wk 8. (E) Percentage of CD4*CXCR5* T
cells in the spleen at wk 8 (F) Representative FACS plots showing percentage of IL-4
against IL-13" CD4" T cells in the liver at wk 8 of S. mansoni infection (G & H) Percentage
of IL-4" and IL-13" cells within the CD4*TCR" population in the liver at wk 8 of infection.
Data points represent individual mice and bars show median values. Open circles denote
naive WT mice and closed circles denote H .polygyrus infected WT mice. Open squares
denote naive ICOS™ mice and closed squares denote H. polygyrus infected ICOS™ mice. *
p= < 0.05 Mann Whitney test. Panels are representative of two separate experiments.
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6.10 Discussion

Rapid expansion of Foxp3" Treg occurs in the early phase of nematode infections. For
example, during larval migration of L. sigmodontis parasites, Foxp3® Treg increase their
rate of proliferation and expand in proportion (15). Furthermore, these Foxp3* Treg are in a
heightened state of activation and effectively suppress effector immunity (15). Similar to
filarial infection, during early H. polygyrus infection, rapid expansion and activation of
Foxp3™ Treg results in the suppression of type 2 cytokines (17, 31, 32), and Foxp3® Tregs
must be depleted in the first few days of infection of S. ratti infection to effectively restore
protective type 2 immunity (146). In contrast to nematode infection, during larval lung
transit phase of S. mansoni infection, Foxp3™ Treg showed no increase in proliferation and
consequently did not expand in proportion or number, although there was some increase
in activation status. This could suggest, that in contrast to other helminths, co-option of
Treg function is not a survival strategy used by S. mansoni parasites to avoid host immune

attack.

What other modes of immune subversion are used by S. mansoni to its advantage?
Whereas nematodes secrete molecules that mimic the activity of host TGF- to promote
Foxp3® Treg responses to aid their survival (144, 325), S. mansoni parasites have
acquired the ability to hide from the host immune defence. For example, S. mansoni
parasites secrete a membranocalyx that surrounds them and shields vunerable surface
proteins from immune recognition (26). Further, host erythrocyte blood group antigens are
embedded in the membranocalyx, disguising the parasites from immune attack (326).
Intriguingly, both lung stage and skin stage schistosomula coat their surface with host
MHC molecules to camouflage themselves against the host immune response (327).
Thus, S. mansoni parasites are poorly immunogenic, exposing only limited antigen for
recognition by the host immune system, and those antigens that are visible to the immune

system are often host derived and therefore do not elicit an adaptive immune response. In
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terms of immunogenicity and their ability to induce protection to challenge infection, lung
stage S. mansoni larvae are less immunogenic than skin stage S. mansoni larvae, which
are less immunogenic than the cercariae (328). Therefore, the weak antigenicity of S.
mansoni parasites gives them a low immune profile, and the lack of an early lung stage
Foxp3* Treg response could reflect the fact that S. mansoni does not need to elicit a

Foxp3™ Treg response to evade immune attack.

Whilst low cell numbers prevented us from detecting IL-10 protein with Foxp3 in the lungs
of S. mansoni infected ICOS™ mice, the lack of IL-10 from Foxp3* Treg in the tLN could
suggest that suppression through IL-10 is not a major Foxp3* Treg mechanism at this
stage. Indeed, Foxp3™ Treg suppression of exuberant immune responses during the egg-
phase of S. mansoni infection seems to be largely IL-10 independent (85). Evidence
suggests that the majority of IL-10 produced during S. mansoni infection comes from
Foxp3™ sources, representing either IL-10 secreting activated Th2 cells or cells with a Tr1
phenotype. For example, following drug cure of S. mansoni infection, in response to the
egg-phase of a challenge infection the dominant source of IL-10 is a population of
CD4'GITR'CD25" T cells that were suggested to be distinct from Foxp3™ Treg (87). In

keeping with this, infection of IL-10%"

reporter mice showed a significant increase in IL-10
from CD4°CD25" T cells in the lungs during the early stage of S. mansoni infection,
suggesting that IL-10" cells with this phenotype transcend the different stages of infection.
Whether the CD25""|L-10" population includes a proportion of Foxp3* Treg remains to be
determined, but the observation that 50% of GITR" T cells express Foxp3 during S.

mansoni infection (87) excludes full dismissal of Foxp3" Treg as contributors to the pool of

IL-10.

In the absence of ICOS, schistosomula migration through the lungs was delayed.
Following challenge infection, IL-10" mice vaccinated with radiation attenuated (RA)

cercariae show increased protective immunity associated with increased T cell IFN-y in the
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lung (322). Increased lung T cell IFN-y promotes the development of lung inflammatory
foci that have been postulated to impede the passage of schistosomula through the lungs
(329), resulting in their death in the alveolar spaces. Although blockade of ICOS in S.
mansoni infected IL-10°" reporter mice did not decrease IL-10 from lung CD25" T cells, it
did result in a significant increase in CD4" T cell IFN-y, a phenotype similar to that of
resistant RA cercariae vaccinated IL-10"" mice (322). This suggests that ICOS signalling
controls Th1 effector immune responses in the lungs, and although not sufficient to induce
protective immunity, increased IFN-y in the lungs of ICOS” mice could increase the
formation of inflammatory foci and account for the slow passage of schistosomula through

the lungs.

During H. polygyrus infection, ICOS mediated effects on MLN type 2 cytokines through IL-
4 secreting Tfh whilst conventional Th2 cells and initial Th2 priming events were less
dependent on ICOS. Similar to H. polygyrus infection, Tfh are a major source of IL-4 in the
lymphoid tissue during S. mansoni infection (233), whereas in the hepatic tissue
conventional Th2 cells chiefly produce IL-4 (233). ICOS deficiency during S. mansoni
infection led to a reduction in lymphoid IL-4 during the acute phase of the egg-stage, and
this was co-incident with a failure in CXCR5" cells, suggesting that like in H. polygyrus
infection, ICOS contributes to type 2 immunity through Tfh cells. At the onset of egg-
production, at a time when egg-antigens prime cognate T cells, ICOS was dispensable for
IL-4 production in the lymphoid tissue, which is in keeping with the observation that ICOS
co-stimulation was not required for Th2 priming events during H. polygyrus infection. In
further support of the hypothesis that ICOS contributes to type 2 immunity predominantly
through Tfh, in the liver, which is devoid of Tfh, the proportion of conventional IL-4" Th2

cells was unaffected by the absence of ICOS.
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In contrast to H. polygyrus infection where ICOS deficiency led to a reduction in MLN IL-
13, CD4" T cell IL-13 was unaffected by the absence of ICOS throughout the egg-phase of
S. mansoni infection. It is possible that the reduction in IL-13 during H. polygyrus infection
is a downstream consequence of the ICOS dependent Tth IL-4 defect, because IL-4
signalling promotes Th2 induction throughout the reactive LN (291). Thus, reduced IL-4
from Tfh could influence cytokine production from conventional Th2 cells outside the
follicles. However, the reason why IL-13 did not follow IL-4 during S. mansoni infection
remains unclear. Perhaps early IL-4 from innate cells that are independent of ICOS (330,
331) is sufficient to prime CD4" T cells to produce IL-13, rendering IL-4 from Tfh less
important in this process. In addition, chronic immune responses are less dependent on
ICOS signalling suggesting compensatory mechanisms take over. For example, in ICOS
deficient mice infected with T. muris, early type 2 defects show a later recovery (203)
suggesting other mechanisms can compensate. Similarly, chronic filarial infection of ICOS”
" mice does not result in significant Th2 immune defects, which suggests some level of
redundancy with other co-stimulators (302). Indeed, overlap exists between ICOS and
CD28 because both can activate the intracellular signalling molecule PI3K leading to
downstream activation of the MAP kinases JNK, p38 and ERK (280, 298, 332).
Intriguingly, over expression of ICOS in CD28 deficient mice substitutes CD28 dependent
defects in primary antibody responses, germinal centre formation and Foxp3® Treg

homeostasis (333). Therefore, CD28 may compensate for ICOS in chronic infection

settings.

Foxp3* Treg control egg-induced hepatic immune granulomas through suppression of Th2
responses during acute S. mansoni infection (16, 30, 85, 148). ICOS deficiency did not
affect egg-induced hepatic immunopathology despite reduced Foxp3® Treg responses.
This could suggest that Foxp3™ Treg are not the main governors of exuberant immunity in

the liver, and is in keeping with the hypothesis that IL-10 is the principal regulator of
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hepatic immune responses (30, 58). However, ICOS deficiency also led to a reduction in
IL-10 from both Foxp3 T cells and Foxp3®™ T cells, and previous work has shown that
blockade of ICOS from the onset of egg laying led to a significant increase in the size of
egg-induced granulomas associated with decreased IL-10 and increased IFN-y (241),
raising the question as to why ICOS deficiency did not lead to enhanced hepatic
immunopathology? Enhanced immunopathology is associated with prolific Th1 or Th2
responses (30, 85), and in S. mansoni infected ICOS™ mice although Foxp3* Treg and IL-
10 were reduced, there was no concurrent increase in IFN-y (data not shown), and no
increase in type 2 cytokines in the spleen or at the site of infection. The discrepancy
between ICOS™ mice and Ab blockade of ICOS could arise from idiosyncrasies in the
different methods of ICOS ablation. Indeed, differences in immunity between ICOS” mice
and Ab blockade of ICOS in WT mice in the same disease setting have occurred. For
example, ICOS™ mice are more susceptible to MOG induced EAE disease symptoms

(197), yet Ab blockade of ICOS can reduce the symptoms of EAE (224).

Thus, in contrast to filarial and intestinal nematode infection, early trematode infection
does not induce local expansion of Foxp3® Treg possibly as a result of the low immune
profile of invading larvae. However, lung Foxp3® Treg showed some increase in activation
status during the early stages of S. mansoni infection, and similar to nematode infection
this was independent of ICOS signalling. The ICOS pathway contributes to the
downregulation of T cell IFN-y production in the lung following passage of schistosomula,
and in doing so potentially facilitates their passage at this vulnerable stage. Despite
delayed migration, ICOS deficiency did not alter late stage protective immunity to infection,
and although ICOS is required for optimal Foxp3®™ Treg responses and IL-10 production
during the egg phase of S. mansoni infection, its absence did not affect Th2 immunity or

exacerbate hepatic immunopathology.
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Summary

Early S. mansoni infection does not induce rapid expansion of Foxp3® Treg,
contrasting with infections with filarial and intestinal nematodes

S. mansoni larval passage through the lungs induces IL-10 production by CD25"
lung T cells

ICOS deficiency delayed migration of S. mansoni larvae through the lung potentially
through increased IFN-y.

During the egg-stage of S. mansoni infection ICOS promoted lymphoid IL-4 through
Tfh and was not required for conventional Th2 cells at the tissue site of infection.
Hepatic egg-induced immunopathology was not increased by ICOS deficiency

despite reduced expansion of Foxp3® Treg.
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7.0 Final Discussion

Helminth parasites infect almost 2 billion people globally imparting a major health and
economic burden on the worlds developing regions, yet so far therapies to combat these
infections have proved inadequate and new strategies are required. The
immunoregulatory mechanisms induced by helminths impede protection to infection and
perturb potential vaccination. Inhibiting the mechanisms that helminths use for immune
suppression could potentially restore protective immunity and boost the efficacy of
helminth prophylaxis. At the same time, the immune downregulation elicited by helminth
parasites protects the infected host from damaging immunopathology, and helminth
infections are linked to the amelioration of allergy and autoimmune diseases. In this
regard, understanding the mechanisms underlying helminth-induced immune suppression

is of principal importance for the development of therapeutics for these conditions (334).

Foxp3" Tregs play a major role in immune suppression during helminth infection but the
co-stimulatory signals governing their induction and function in this context are largely
unclear. Targeting Treg co-stimulators offers a potential strategy to manipulate Treg
function for therapeutic use in helminth infections, anti-tumour immunity, autoimmune
disease and allergies. Growing evidence suggested that the ICOS pathway is involved for
the development and function of Treg in a number of autoimmune settings, but knowledge
of its role in helminth infections has been restricted to Th2 immunity. Therefore, we
hypothesised that ICOS was also important for the generation and maintenance of a

Foxp3" Treg response to helminth infection.
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7.1 ICOS acts on Foxp3® Tregs in a tissue specific manner

Interestingly, under homeostatic conditions ICOS exerted its effects on Foxp3™ Treg in a
tissue specific manner. In the LN of naive ICOS™ mice, in keeping with previous studies,
the Foxp3® Treg population was decreased, but in contrast, | found that in the small
intestine LP not only was the proportion of natural Helios*Foxp3™ Tregs expanded in the
absence of ICOS, these Treg were in a heightened state of activation. A similar tissue
specific effect has been described for OX40 co-stimulation, in that the absence of OX-40
results in a tissue specific loss of Treg in the intestine, whereas LN Treg populations are
independent of OX40 signals (245). The factors accounting for the increased Foxp3™ Treg
in the intestines of naive ICOS™ mice are unknown but given that intestinal ICOS™ Foxp3*
Treg were severely impaired in their ability to produce IL-10, the increased proportion of
Foxp3* Treg could result from a compensatory expansion by this population in an effort to
recover loss of IL-10 function. In the steady state, Foxp3™ Treg IL-10 controls immune
responses at environmental interfaces (81), and mice with a Foxp3™ Treg specific deletion
of IL-10 spontaneously develop colitis (81). Notably, reminiscent of the ICOS™ mice, in
these mice the proportion of intestinal Foxp3™ Tregs was expanded, perhaps to control the
intestinal immune inflammation resulting from the IL-10 deficiency (81). Furthermore,
colitis also occurs in mice whose Foxp3™ Treg lack the IL-10 receptor, and these Foxp3”
Treg have an activated phenotype (335), similar to the intestinal Foxp3* Treg of ICOS™
mice, suggesting that impaired IL-10 signalling leads to an increase in Treg activation in
the gut. Therefore, | propose that the increased proportion and activation status of
intestinal Treg in naive ICOS™ mice is due to their specific loss of IL-10. Tregs potentially
expand in this manner in an effort to control the increased IL-17 responses that result from
IL-10 deficiency, as even in the steady state IL-10 is critical for the suppression of IL-17

produced in the intestines (336-338) via stimulation by commensal bacteria (339).
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Even though natural Helios"Foxp3™ Treg activity was increased in the intestines of naive
ICOS™ mice, following H. polygyrus infection ICOS™ mice failed to mount an adaptive
Helios'Foxp3" Treg response. This finding contrasts with an in vivo transfer model which
demonstrated that ICOS™ CD25 T cells are as able as WT CD25 T cells to switch on
Foxp3 to become adaptive Treg following transfer into irradiated recipient mice,
suggesting that ICOS is not required for adaptive Foxp3® Treg (340). However, the
following factors could account for the discord. The transfer model measured Foxp3* Treg
conversion in the LN during conditions of lymphopenic expansion, whereas | measured
intestinal Foxp3™ Treg conversion in response to H. polygyrus. It is clear from my own data
that ICOS signalling has much different effects on Foxp3® Treg depending on tissue
location, and in the H. polygyrus infected intestines the immune conditions are much
different from that of the homeostatic lymph node. Factors such as IL-4, TSLP, IL-33 and
TGF-B, and even DC derived IL-6 induced by commensals, (341) will be present in
significant amounts in the H. polygyrus infected intestine, all of which can affect Foxp3*
Treg responses (257, 261, 342, 343), and could potentially account for the incongruent
results. Furthermore, in the transfer model, only the donor cells were ICOS deficient so
that cytokines from recipient T cells that could affect Treg conversion, for example IL-2
(344, 345), will be present that are lacking in the global ICOS™ mice. This could suggest
that the effects of ICOS on Treg are primarily extrinsic and this possibility will be discussed
later. Finally, because CD25 T cells were used as the donor population, it is likely that
some of the transferred cells were Foxp3® CD25 T cells, and their outgrowth during
lymphopenic expansion cannot be discounted. Further investigation of the effects of ICOS
on adaptive versus natural Treg, and also into the general importance of these subsets
during helminth infection, requires refinement of the in vivo transfer system that | set up

using congenically marked GFP* and GFP T cells from Foxp3®F" mice.
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7.2 ICOS co-stimulation has differential effects on different T cell subsets.

ICOS signalling also had differential effects on the effector Th2 response depending on
tissue location. Previous studies have shown that ICOS contributes to the anti-helminth LN
Th2 response during N. brasiliensis (201), T. muris (203) and T. spiralis (218) infections,
yet in these studies the Th2 immune response at the site of infection was not investigated.
ICOS is known to be critical for the development of Tth cell (204, 227, 230, 346) and
recent work has demonstrated that Tfh are the main source of IL-4 in the LN during
helminth infection (40, 233, 301). At the tissue site of helminth infection, conventional Th2
cells predominantly produce IL-4 (233, 301). In H. polygyrus infected ICOS™ mice the
reduction in LN Th2 cytokines was mirrored by the loss of Tfh suggesting that the ICOS
contributes to LN IL-4 primarily through its effects on Tfh. Indeed, in the first wk of H.
polygyrus infection, before Tfh have fully commited to their lineage and produce IL-4 (301,
308), Th2 cytokines were un-affected by the absence of ICOS. This suggests that ICOS is
not required for early Th2 priming and that conventional Th2 cells are less dependent on
ICOS co-stimulation, raising the possibility that the loss of Th2 cytokines in the helminth
infected ICOS™ mice of previous studies (201, 203, 218) could also be ascribed to a failure
in IL-4 secreting Tfh. Proper distinction of Tfh requires their identification within the
lymphoid follicles, and future studies should use fluorescence microscopy to visualise the
IL-4 producing cells in the lymph node of H. polygyrus infected ICOS™ mice, in order to
confirm that the loss of LN type 2 cytokines was due to fewer IL-4 secreting Tfh. To this
end, the generation of ICOS™ IL-4 reporter mice would prove valuable for the distinction of

IL-4" follicular resident Tfh by fluorescence microscopy.

180



In keeping with the hypothesis that conventional Th2 cells are less dependent on ICOS,
some evidence suggests that type 2 responses at the tissue site of helminth infection do
not require ICOS signalling (302). In support of this, | found that at the site of H. polygyrus,
not only were Th2 responses efficiently mounted in the absence of ICOS, they were much
greater than that of WT mice suggesting that conventional Th2 cells act independently of
ICOS, and that ICOS has a further role in downregulating type 2 immunity at the site of
infection (Fig 7.2). As Foxp3* Treg IL-10 is important for suppression of mucosal immunity
(81), and ICOS was essential for intestinal Foxp3* Treg IL-10 during H. polygyrus infection,
the reduced IL-10 from ICOS™ Foxp3" Treg in the intestines could explain the observed
increase in type 2 cytokines at this site. To further investigate if Foxp3™ Treg IL-10 is
important for the control of type 2 immunity in the intestines during H. polygyrus infection
Foxp3°RE x IL-10""° mice could be used to measure the intestinal anti-helminth type 2
response in the absence of Treg IL-10. If these mice had a similar phenotype to the ICOS
deficient mice, it would support the idea that ICOS acts to downregulate type 2 immunity

through Treg IL-10.

In contrast to the intestine where only Treg produced IL-10 following H. polygyrus
infection, in the local lymph node both Foxp3®™ Treg and Foxp3™ Teff produced IL-10, but
only Foxp3® Treg showed a partial requirement on ICOS for IL-10, whereas Foxp3™ Teff
were able to produce IL-10 in the absence of ICOS, suggesting that ICOS has differential
effects on different cell types. Foxp3™ Treg express different cytokine receptors and co-
stimulatory molecules to Foxp3™ Teff so that the interaction of downstream signalling
pathways activated by ICOS on Treg will be different to that of Teff. Moreover, differences
in the transcriptional machinery of Treg and Teff could account for the discord between the
two cell subsets. For example, Foxp3™ Treg suppression of mucosal immunity through IL-
10 is dependent on STAT3 (335) and future studies should aim to investigate if ICOS co-

stimulation results in STAT3 activation in both Foxp3™ Treg and Foxp3™ Teff. In addition,
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the Th2 master transcription factor GATA-3 can induce IL-10 production (292) so that
Foxp3™ Th2 effector cells generated by H. polygyrus infection can potentially bypass the
requirement on ICOS signalling for IL-10 production. Future studies should aim to
determine if the residual Foxp3™ IL-10" Treg seen in the MLN of H. polygyrus infected

ICOS™ mice co-express GATA-3.

A picture is emerging in which ICOS can co-stimulate a number of T cell subsets but that
some of these subsets are more dependent on ICOS co-stimulation than others. Indeed,
both Tfh and Treg generated during helminth infection showed a much greater
dependency on ICOS co-stimulation than conventional Th2 cells. These findings could
suggest that it may be possible to block ICOS on Treg for the in vivo treatment of helminth
infection, or perhaps concomitantly with an anti-helminth vaccine to inhibit Treg
suppression of T cell memory responses, because conventional anti-helminth Th2 cells
would be largely unaffected by such a regime. However, ICOS blockade during helminth
infection would also eliminate the IL-4 secreting Tfh population, the importance of which in
resistance to helminth infection is not yet clear and must be delineated before proceeding

with such an intervention.

Numerous studies have now highlighted the importance of Treg IL-10 in the control of
colitis (80, 81, 347, 348), and in humans mutations in the IL-10R gene have been
associated with IBD (349). Because ICOS was critically important for Treg IL-10
production in the intestines it might be possible to target ICOS therapeutically to boost
intestinal Treg IL-10 in IBD patients to ameliorate colitis symptoms. However, this
approach must be exercised with caution because ICOS signalling is also essential for the
maintenance of pre-differentiated Th17 (204) cells so it carries the risk of simultaneously

activating the pathogenic Th17 cells which are responsible for colitic inflammation.
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7.3 Mechanisms underlying the reduced expansion of Foxp3' Treg in helminth

infected ICOS™ mice.

In the absence of ICOS, expansion of Foxp3® Treg in the secondary lymphoid tissue in
response to H. polygyrus infection, and to the egg-phase of S. mansoni infection, was
impaired. To generate an adaptive immune response requires TCR activation in the
presence of co-stimulatory signals before T cells can begin to proliferate and differentiate.
We hypothesised that the reduced expansion of Foxp3™ Treg in helminth infected ICOS™

mice was due to defective immune priming, proliferation and/or survival.
7.3.1 Priming of Foxp3"* Treg does not require ICOS

During helminth infection the activation status of lymphoid tissue Foxp3™ Treg was
unaffected by ICOS deficiency, indicating that ICOS co-stimulation was not required for
priming of the helminth induced Foxp3® Treg response. This is in keeping with the
demonstration that ICOS is only expressed at low levels on naive T cells and is only
increased following TCR and CD28 stimulation (189), and could suggest that in the early
stages of helminth infection Foxp3™ Treg surface expression of ICOS is presumably not
sufficient for Treg activation. However, immune priming during helminth infection is a
difficult aspect to measure because it requires the identification of T cells with a TCR
specific to parasite antigens. In the initial stages of the immune response such T cells will
only be present at very low frequencies. If the parasite antigen were known then it may be
possible to use MHC tetramers to identify them. Alternatively, TCR transgenics specific for
parasite antigens are required to measure antigen responsive T cells and this technique

was beyond the scope of this study.
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7.3.2 ICOS maintains Foxp3* Treg survival

Interestingly, analysis of Treg BrdU expression showed that ICOS was also dispensable
for the helminth induced in vivo proliferation of Foxp3™ Treg, demonstrating that the failed
expansion of Foxp3* Treg in helminth infected ICOS™ mice was not the result of defective
proliferation. Instead, ICOS signalling contributed to the survival of Treg under both
conditions of homeostasis and helminth infection, so that reduced Treg survival potentially
explains the reduction in Foxp3" Treg. However, this must be interpreted with the caveat
that CD25 was used as a surrogate marker to identify Treg undergoing apoptosis and a
proportion of these cells may be Foxp3'CD25" activated Teff cells. It would be possible to
measure activated caspases in conjunction with Foxp3 but these proteins are difficult to
detect by flow cytometry ex vivo giving only a very weak signal. Therefore, more sensitive
assays that can be used to measure Foxp3® Treg undergoing apoptosis are required to
verify our findings, but in support of the observation that ICOS maintains Treg survival, the
ICOS pathway has also been shown to aid the survival of antigen specific Teff cells (207)
and for NKT cells (271), and ICOS potently activates the signalling molecule Akt (280), a

known survival factor for T cells.

7.3.3 Does ICOS act in a cell extrinsic or intrinsic manner to aid Foxp3' Treg

survival?

Whether ICOS signals act in a cell intrinsic and/or extrinsic fashion to promote Treg
survival remains to be determined. The action could be primarily extrinsic, arising as a
consequence of the ICOS dependent reduction in Teff IL-2. Whilst both Treg and Teff
require IL-2 to maintain their survival (274-276, 278, 279), only Teff show a further
requirement on IL-2 to proliferate (277). Therefore, an ICOS dependent reduction in IL-2
availability could explain why both Foxp3® Treg and Foxp3 Teff showed reduced survival,

but only Foxp3™ Teff showed a reduction in the rate of proliferation during helminth
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infection. IL-2 signalling results in the downstream activation and phosphorylation of the
signal transducer and activator of transcription-5 (STATS) (281) and a reduction in
pSTAT5 in ICOS” Foxp3* Tregs could indicate impaired IL-2 signalling. Phosphorylated
STAT proteins rapidly lose their phosphate moiety following the removal of the activating
stimulus making them difficult to detect ex vivo by flow cytometry. In order to detect
pSTATS ex-vivo by flow cytometry requires stimulation with recombinant IL-2, and such a
treatment would disguise the effects of an in vivo ICOS dependent IL-2 deficiency on
STAT5 activation in Treg. Whilst evidence suggests ICOS maintains Treg survival
extrinsically through IL-2, it remains possible that ICOS signalling acts in a cell intrinsic
manner to aid Treg survival. Indeed, CD28 signalling contributes to Treg homeostasis
through IL-2, but it can also act independently of IL-2 to maintain the peripheral (173) and
thymic Treg populations (350), suggesting that co-stimulatory molecules can function in a
cell intrinsic manner for Treg homeostasis. The generation of floxed ICOS mice to restrict
ICOS deficiency to Foxp3* Treg using Foxp3°"E mice would be a valuable tool for
investigating if reduced Treg survival in the absence of ICOS was a cell intrinsic effect, or

due to a deficiency of Teff IL-2.

7.3.4 ICOS co-stimulation could be used for in vitro expansion of Treg for cellular

therapies for graft tolerance.

Intriguingly, new Treg cellular therapies for promoting tolerance to allografts are now being
pioneered. For example, Foxp3® Treg from HLA matched donor sources have been
isolated and expanded in vitro prior to infusion into Leukeamic patients undergoing
umbilical cord blood transplantation. Treatment with Treg successfully prevented
allogeneic graft versus host disease (351). One of the problems associated with this
technique is the difficulty of in vitro expansion of Treg as survival rate in vitro is generally
poor and mitogenic stimulation favours expansion of contaminating Teff cells. Current

protocols use monoclonal antibodies to stimulate CD3 and CD28, and the Treg are
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cultured with recombinant human IL-2. As ICOS co-stimulation is also important for Treg
survival, perhaps targeting ICOS in the Treg culture could enhance in vitro Treg

recoveries.

7.4 Consequences of ICOS deficiency on protective immunity and pathology during

helminth infection.

One of the drawbacks of using ICOS™ mice to investigate the effects of ICOS on helminth
generated Foxp3™ Treg was that other T cell subsets, such as Tfh, implicated in the
generation of protective type 2 immune responses to helminth infection were also impaired
by the absence of ICOS and could potentially explain why resistance to H. polygyrus
infection was unchanged by the absence of ICOS. This could also explain why hepatic
immune pathology was not more severe in S. mansoni infected ICOS™ mice in the face of
reduced Treg and IL-10 responses. Indeed, in most cases this would result in heightened
immune pathology associated with an increased mixed Th1/Th2 response (30) response.
This was not the case in ICOS™ mice as both Th2 and Th1 cytokines were comparable to
WT animals, possibly as a result of the overall balancing effect of ICOS deficiency on both
regulatory and effector responses. Mice with a Foxp3™ Treg specific deletion of ICOS could
be used to determine if Treg require ICOS for suppression of type 2 immune responses
during helminth infection, without the complication of global ICOS™ in which both Treg and
Teff populations are impaired. An alternative solution to this problem would be to create
mixed bone marrow chimaeras with ICOS"*Foxp3” and ICOS”Foxp3** donor marrow to
restrict ICOS deficiency to Treg. Whether such mice would show increased resistance to
H. polygyrus infection, or worse immune pathology during S. mansoni infection remains to

be determined.
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7.5 Immune regulation in lung stage S. mansoni infection

Some helminths potently induce Foxp3® Treg during the initial stages of infection to bias
early immune responses toward regulation resulting in suppression of late stage protective
immunity (15). In this manner the outcome of an infection that can potentially last 10 years
can be determined in the first few weeks or even days after infection. Whilst IL-10 has
been implicated in the suppression of lung stage protective immunity to early secondary S.
mansoni infection following vaccination with attenuated cercariae (322), less is known of
the regulatory mechanisms in the early stage of primary S. mansoni infection. Notably, S.
mansoni lung larval passage did not result in the proliferation or expansion of Foxp3™ Treg
in the lung, although Foxp3® Treg showed some signs of enhanced activation. The
activated phenotype could potentially indicate a Foxp3®™ Treg response but one more
subtle than that of other helminths. Data had hinted of a role for Foxp3® Treg in
suppression of protective immune responses to S. mansoni larvae in the lung. For
example, IL-6 deficiency leads to enhanced Th2 responses in the lung and increased
protective immunity (316). In this case, the Treg populations were not examined but new
evidence suggests that, contrary to expectations, Foxp3® Treg responses during H.
polygyrus infection are impaired in the absence of IL-6, and future work should aim to

characterise the lung Treg phentoype of S. mansoni infected IL-6" mice.

Suppression by IL-10 in the lung forms a barrier to protective immunity to secondary S.
mansoni infection but less is known of its role in primary infection. Given the T cell
requisite on ICOS for IL-10 we supposed that ICOS deficiency would lead to enhanced
protection through reduced IL-10. Although ICOS deficiency did not enhance killing of
parasites, there was a slower passage of larvae through the lung. Detection of lung T cell
cytokines by flow cytometry proved difficult and warrants further refinement. However
preliminary data suggests ICOS blockade had no effect on lung IL-10, but that it did result

in increased T cell IFN-y. As IFN-y initiates the development of pulmonary foci, which have
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been proposed to impede passage of larvae, it is possible that the increased IFN-y seen in
the lungs of ICOS mice could explain the delayed lung migration but this was not strong
enough effect to completely block lung passage and further analysis of lung pathology is

required to confirm this.

7.6 Conclusion

Co-stimulatory molecules that were previously thought to drive positive immune responses
are now also implicated in the suppression of immunity when expressed by Treg. ICOS
had been classically associated with Th2 responses to helminth infections but this study
described a novel role for ICOS co-stimulation in the generation and maintenance of
Foxp3® Tregs during diverse helminth infections. ICOS signalling contributed to the
maintenance of Treg survival and was highly important for Foxp3™ Treg function in terms
of IL-10 production. The effects of ICOS co-stimulation on Treg and Teff responses to
helminth infection were both tissue specific and T cell subset dependent and future studies
using T cell subset specific ICOS deficient transgenics will be required to delineate the
importance of ICOS to the different T cell subsets. This foundational research has
elucidated the key cellular affects of ICOS on helminth generated Treg which will be of
importance when considering future Treg therapies for allergies and autoimmune disease,

and also for restoring protective immunity to helminth infection.
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